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ABSTRACT 
Multi-wavelength Analysis of Solar Transient Phenomena 
by 
Aaron J Coyner 
Solar transient phenomena such as solar flares and coronal mass ejection are some 
of the most energetic and explosive phenomena affecting the solar environment. Emis-
sion signatures within solar flares provide direct insight into the physical mechanisms 
involved in the flaring process as well as the role the magnetic field topology plays 
in the energy release and particle transport within flares. Specifically, the work here 
addresses the temporal and spatial relationships between ultraviolet and hard X-ray 
flare emissions while also addressing the relationship between hard X-ray emission 
evolution in flares and the development of quasi-separatrix layers (QSLs) within the 
magnetic structure of the flaring region. As a final component, we address the im-
plications of pre-event solar conditions such as magnetic configuration and flare pro-
ductivity on the particle composition of solar energetic particle (SEP) events seen at 
1AU. Specifically, we find that co-spatial and co-temporal UV and hard X-ray emis-
sion expected in 1-D loop flare models only account for a portion of the observed flare 
i i i 
emission, and a complete explanation of the flaring process must take into account 
more complex and time-varying magnetic topologies along with contributions from 
multiple physical processes. Finally, we find, for particle events, that closed magnetic 
configurations at higher energies result in higher average Fe/O enhancements while 
the amount of open field and the active region appear to have no direct relationship 
to the observed SEP compositions. 
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Chapter 1 
Introduction 
The sun exhibits a wide array of transient activity on a number of spatial and 
temporal scales. The most prominent of these are the large and energetic explosions 
associated with solar flares and coronal mass ejections (CMEs). Despite being some 
of the most frequently solar observed phenomena, solar transients are still not suffi-
ciently well understood to fully address the wide array of activity observed, the rela-
tionships between them, their broader implications for the heliospheric environment, 
and most critically the Sun-Earth connection. Flares and CMEs provide observa-
tional constraints and physical insight into magnetically-driven impulsive phenomena 
on the Sun and also similar phenomena in stars and other astrophysical objects. Solar 
transients are key components in the Sun-Earth connection shaping the heliospheric 
environment by releasing enhanced electromagnetic radiation and energetic particles 
to create a range of geomagnetic activity classified as space weather. These space 
weather events produce energetic photon and particle radiation that can adversely 
affect human life, ground-based electrical systems, and space-based resources, such 
as communications satellites. While many of these geoeffective storms are directly 
linked to coronal mass ejections (Weiss et al., 1996), the energy released from solar 
flares, believed to be driven by magnetic reconnection in the solar corona, provides 
2 
key observational constraints on the physical mechanisms that govern the plethora of 
transient activity in the solar atmosphere. Studies of the combination of solar flares, 
coronal mass ejections, and the resulting particle events seen at Earth help to clarify 
the physics influencing the always volatile Sun-Earth relationship. 
In this thesis, we investigate observational relationships involving chromospheric 
emission signatures and the solar magnetic field to clarify the nature and significance 
of temporal and spatial relationships for ultraviolet and hard X-ray chromospheric 
emission, the relationship between the hard X-ray evolution and the evolution of the 
magnetic topology within a flare, and the connection between solar magnetic field 
and active region flare productivity to the observed particle abundance ratios for 
solar energetic particles seen at Earth. In combination, these three studies clarify 
the roles of the solar magnetic field, energy release and particle transport effects in 
generating the observed transient signatures and the physical processes responsible 
for their creation. In this chapter, we will provide a basic overview of the transient 
events that influence space weather focusing primarily on the solar flare phenomenon 
and the development of solar energetic particle events. 
1.1 Solar Flare Characteristics 
Solar flares are events in which large amounts of energy are released over short 
timescales as a result of the relaxation of the solar magnetic field, resulting in a variety 
of responses by the solar atmosphere. Solar flares can often be described by three 
3 
phases: 
• a pre-flare phase showing an energetic build up, frequently in the form of inter-
mittent, low intensity activity 
• an impulsive phase, most clearly defined by one or more intense bursts of hard 
X-ray emission over timescales of order minutes representing the response of the 
atmosphere to the most intense magnetic energy release of the flare 
• a final gradual phase, denoting the eventual decay of flare energy over timescales 
of hours. 
Solar flares produce emission signatures in wavelengths spanning the entire electro-
magnetic spectrum. The research presented in this thesis will focus on signatures 
originating from the chromosphere and the corona. Our observations of the chro-
mosphere primarily utilize Ha emission, resulting from the first Balmer transition of 
hydrogen at 6563 A, ultraviolet emission, focusing on a narrow bandpass peaked at 
1600 A, and hard X-rays, primarily photon energies in the range 25-100 keV, while 
our coronal observations are provided primarily by extreme ultraviolet loop observa-
tions in specific narrow band wavelengths centered on 171 A, 195A, 284A, and 304A. 
The chromospheric emission, particularly in Ha and in the ultraviolet wavelengths, 
observed by the Transistion Region and Coronal Explorer (TRACE: Handy et al. , 
1999), generally shows ribbon-like structures (see Figure 1.1) which define the chro-
Figure 1.1 Example of the classic two-ribbon flare picture taken in Ha from National 
Solar Observatory (NSO) data on 7 Apr 1997 
mospheric boundaries of the expanding flare, while the X-ray and EUV emission form 
a complex arcade of coronal loop structures connected to the chromospheric ribbons 
at their base (Figure 1.2). The Bastille Day flare from 2000 is one of the best example 
of a developing flare loop arcade. In Figure 1.2, a series of thin coronal loops form, 
giving the flare an appearance like that of a slinky. Each of the loops is a plasma-filled 
magnetic structure anchored to the chromosphere with one footpoint on each of the 
two chromospheric ribbons. We will elaborate on the importance of the morphology 
in these flares in Section 1.1.2. 
5 
Figure 1.2 Example of a complex flare loop arcade taken from the well-known Bastille 
Day flare, an X-class flare from 14 July 2002. Data shown is taken from TRACE 195A 
observations. 
1.1.1 Flare Classification and Time profiles 
The most common way flares are classified is in terms of intensity measured in 
the 1-8 A soft X-ray data seen from the Geostationary Operational Environmental 
Satellites (GOES) satellites, operated by the National Oceanic and Atmospheric Ad-
ministration (NOAA). This classification is based on a logarithmic scale of the peak 
flux measurements, with X-class flares being the strongest, exhibiting peak fluxes 
above 10 -4 watts per square meter. Table 1.1 provides the full classification scale 
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used. Many flare studies largely focus on C-class flares and above, i.e. flares with peak 
soft X-ray flux above 10~6 W/m2. Shown in Figure 1.3 is a GOES profile of the soft 
X-ray emission for a large X 2.5 flare, determined from the peak of the lower energy 
(upper curve) GOES band. GOES records soft X-ray emission in two bands, the 1-8 
A band used for flare classification and the 0.5-4 A higher energy channel to provide 
additional information on hotter emitting plasma. It should be noted that the GOES 
classification is based on full-Sun measurements and not centered on specific events. 
When a flare occurs, however, the GOES bandpasses are dominated by flare emission 
(see Figure 1.3). This flare shows many of the components of a typical flare soft 
X-ray response: 
GOES 10 X-Rays: 
1E-3 
X 
M 
C 
B 
A 
1E-9 
00:00 01:00 02:00 03:00 04:00 05:00 06:00 
Start Time ( IO-Nov-04 00:00:00) 
Figure 1.3 Sample GOES plot from 10-Nov-2004 depicting the soft X-ray response of 
an X 2.5 flare. The soft X-ray profile shows a quick impulsive rise and a gradual exponential 
decay over timescales of hours. The upper curve shows lower energy soft X-rays (1-8 A ). 
The lower curve shows emission from 0.5-4 A . 
7 
GOES Flare Class 
A 
B 
C 
M 
X 
Flux Range (W/m2) 
< To"-7 
io-7-io-6 
io-6-io-5 
10-5-l0-4 
> 10-4 
Table 1.1 The GOES flare classification system based on 1-8 A fluxes during the peak 
of the flare 
• a presence of some weak activity prior to the flare 
• a fast-rising impulsive phase peaking within a few minutes of its initial onset 
• a gradual decay phase, representing an exponential decay of the flare energy 
and the return of the corona to a typical soft X-ray background. 
It is important to note that the smooth appearance of the soft X-ray emission does 
not translate to other important wavelengths. Hard X-ray and UV emissions will 
be the focus of much of the work of this thesis; however, the soft X-ray response is 
critical for classification and general characteristics of the flare. 
Hard X-ray and UV Time Profiles 
While the soft X-ray profiles used in the classification are generally smooth, due 
largely to the thermal nature of soft X-ray emission, the UV and hard X-ray emissions 
exhibit a much more impulsive character. Hard X-rays, in particular, show a series 
of distinct impulses generally involving a quick succession of bursts over timescales 
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Figure 1.4 RHESSI hard X-ray time profile for energies 25-100 keV at 0.1 second full 
temporal resolution. The general character of the profile is determined by the magnetically 
trapped population of electrons that precipitates into the chromosphere and produces HXR 
emission via bremsstrahlung. The smaller timescale variation have been shown to relate to 
direct injection of electrons (See Aschwanden, 1998). 
of several minutes. An example hard X-ray emission profile, taken from the Reuven 
Ramaty High Energy Solar Spectroscopic Imager (RHESSI: Lin et al., 2002), is dis-
played in Figure 1.4. This hard X-ray lightcurve, covering the energy range 25-100 
keV, shows the X-ray emission profile for a typical large X class event. We observe 
large-scale impulses on the order of minutes each with a quick rise phase that can 
be interpreted as a direct response to the magnetic energy release driving the flare. 
- r - T—j—|—r—i— r T | i • i | 
Time Res.: 0.100 s 
Detectors: 1F 2F 3F 4F 5F 6F 7F 8F 9F 
— 25.0 - 100.0 keV 
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Each of the impulses, and their combinations, have direct implications for the flare 
energy release which will be addressed in detail in Chapter 4. Brown (1973) showed 
that the these large-scale pulses of X-ray emission are generally defined by the solar 
atmospheric response to an accelerated population of electrons arising from some ini-
tial energy release. Specifically, the hard X-ray emission is believed to be governed 
by the acceleration of electrons from the flare trigger site in the corona to the energy 
deposition locations in chromosphere. The acceleration of these electrons is, in turn, 
governed by the magnetic field structure as particles travelling through the corona 
follow the magnetic lines in a low-/? plasma, p, the ratio of gas pressure to magnetic 
pressure is defined by 
>-i£ <»> 
where Po is the gas pressure of the plasma at a given location and Bo is the magnetic 
field strength at that location. For the corona, (3 <C 1; therefore the magnetic pressure 
dominates the plasma behavior. 
As a result of the energy release, the flare particles are accelerated along the field. 
Each particle is injected into the flaring loop with a specific pitch angle, defined as the 
angle between the particle's velocity vector and the magnetic field. The accelerated 
particles travel along the magnetic field lines connecting the acceleration site to the 
chromosphere. These energized field lines ultimately form the post-flare loops shown 
in Figure 1.2. The magnetic field is weaker in the corona than in the chromospheric 
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footpoints. Therefore, as particles travel from the acceleration site, near the top of 
the loop, toward the footpoints, they pass through regions of increasingly stronger 
magnetic field. Depending on the field gradient and the pitch angle of the particle, the 
mirror force, resulting from the converging field, may cause the particles to remain 
trapped in the coronal portion of the loop. Thus, particles within the magnetic 
structure fall into two populations based on their initial pitch angles and the rate of 
convergence of the magnetic field. A directly precipitating component results from 
particles with pitch angles small enough to escape the loss cone of the trap defined 
by: 
sirtiL = JJL- (1.2) 
V l^max 
where 0L is the loss cone angle, the maximum pitch angle allowed to escape the trap, 
B is the field strength near the looptop and Bm a x is the field strength at the footpoint 
of the trap. 
Particles with pitch angles less than 6^ will directly precipitate into the chro-
mosphere produce hard X-ray emission via bremsstrahlung radiation on short timescales 
seen as emission spikes in the full-resolution RHESSI profile (Aschwanden,1998). A 
magnetically-trapped population of electrons, those particle with larger initial pitch 
angles than the loss cone angle, 6i, remain in the loop and are reflected from one side 
of the loop to the other. These particles remain in this magnetic trap until scattered 
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by Coulomb collisions, or other mechanisms (e.g. waves) which modify the particle 
pitch angles sufficiently to inject them into the loss cone and allow them to the pre-
cipitate to the chromosphere and emit X-rays. Magnetic traps, as described, need 
not have the same field strength at both footpoints. This will result in two different 
loss cones within the legs of the loop and will result in an asymmetric magnetic trap 
(Alexander and Metcalf, 2002; McClements and Alexander, 2005). Both components 
of the accelerated electron population produce hard X-ray emission as the result of 
bremsstrahlung radiation (discussed in detail in Section 2.1.4) and then deposit their 
remaining energy into the chromosphere via collisions within the dense plasma. This 
energy release results in bulk energization and heating of the chromosphere and is 
observationally evident in chromospheric signatures, such as UV and Ha kernels. 
Aschwanden (1998) showed that these two populations were responsible for sep-
arate components of the observed X-ray emission profile. The larger scale structure 
of the bursts, having a broader pulse shape, arises from the emission of the trapped 
population. In contrast, the directly precipitating electrons provide the smaller scale 
structure, appearing as spikes on timescales of tenths of seconds visible at the full time 
resolution of RHESSI (depicted in Figure 1.4). These spikes are evident throughout 
the flare, indicating a recurring direct injection component throughout the duration 
of the flare. 
In the ultraviolet, solar flares have been shown to exhibit a similar impulsive na-
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Figure 1.5 Comparison of TRACE 1600 A and RHESSI 25-100 keV hard X-ray time 
profiles for the 6 December 2006 X6.5 flare event. 
ture to that seen in the hard X-ray emission; however, they often exhibit a more 
gradual falloff than the hard X-rays, likely due to the effects of bulk heating of the 
chromosphere in the gradual phase of the flares (Fletcher and Warren, 2003). Studies 
of the overall UV response of spatially-unresolved flares have shown that the time de-
velopment of the UV emission is most closely associated with the hard X-ray emission 
(Cheng et al., 1989; Kane, Frost and Donelly, 1979). Figure 1.5 displays the overall 
time profiles for the UV and HXR emission for the X6.5 flare from 6 December 2006. 
For typical strong impulses, we find that the UV shows a strong impulsive character 
similar to HXR emission, suggesting that the same particle population is critical to 
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the production of the UV signatures. When examined on a spatially-resolved level, 
emissions originating in the chromosphere, like the Ha for example, have shown sig-
nificant variation in temporal response compared with the hard X-ray emission profile. 
In a recent study of Ho localized sources compared with the HXR emission for two 
large flares, Zharkova and Kashapova (Zharkova et al., 2007; Kashapova et al, 2007) 
showed that these localized sources within a flare have varied time profiles, based on 
the precipitating populations of both electrons and protons at specific spatially local-
ized sites. In both these studies, the authors report the formation of multiple loop 
structures within the flaring region with electrons and protons being preferentially 
transported into different loops as theorized by Zharkova and Gordovsky (2004). The 
variations in temporal development allows the different particle populations to be 
distinguished. 
The observations of Warren and Warshall (2001) indicated some variation in the 
temporal responses of different localized UV sources in association with hard X-ray 
emission. The UV sources active during the X-ray flare bursts exhibited the strong 
temporal correlation seen in other studies. In contrast, the sources observed prior to 
the hard X-ray flare onset do not show any correlations with the HXR emission. De-
spite the temporal correlations, these localized sources show distinct spatial variation 
from their X-ray counterparts. The spatial variations seen by Warren and Warshall 
using the Hard X-ray Telescope (HXT), aboard the YOHKOH Solar Observatory, 
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(Kosugi et al., 1991) and UV observations from the TRACE telescope provide initial 
evidence for additional magnetic complexity within the flaring region. The variation 
in specific localized UV development provides a complicated picture of UV emission 
as it relates to the hard X-rays, suggesting additional magnetic complexity than pre-
viously considered and both the likelihood of multiple emission processes and multiple 
particle populations, the greater implications of which we will address in this work. 
1.1.2 Flare Morphology and the Importance of Magnetic Topology 
While each solar flare is unique, there are some common characteristics which 
occur in most events. Notably in the ultraviolet, flaring regions are typically outlined 
by ribbon-like structures which expand outward as the flare progresses. The two 
ribbons lie in regions on either side of a magnetic neutral line (also called the polarity 
inversion line due to the opposite magnetic polarities on either side). The ribbon 
structure appears primarily in UV and Ha observations with sources of emission on 
the ribbons often appearing as conjugate pairs. Two-ribbon flares and the subsequent 
loop systems are often theoretically discussed in terms of a standard 2-D model known 
as the CSHKP model (Carmichael, 1964; Sturrock, 1966, Hirayama, 1974; Kopp and 
Pneuman, 1976) which views the observed sources on the two chromospheric ribbons 
as footpoints for a complex of coronal loops which span the spatial separation between 
the ribbons to produce an arcade structure like the one shown in a 2-D projection in 
Figure 1.2. 
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Figure 1.6 Basic 2-D flare model used as the physical foundation for many flare studies. 
Figure taken from Tsuneta (1997) 
Though flares themselves cannot as yet be described by single all-encompassing 
model, the CSHKP model serves as a basis to describe many observations, their evo-
lution, and permits reasonable physical interpretations from flare initiation through 
post-flare configurations while also providing a connection between flares and the in-
terplanetary environment where the discussion of solar energetic particles becomes 
prevalent (Aschwanden, 2004; Tsuneta, 1997). In the CSHKP model, (see Figure 
1.6), the flare is initiated by the eruption of a solar prominence or other magnetic 
structure rising into the corona and opening the coronal field. As the erupting plas-
moid rises, the magnetic field below is stretched, storing magnetic energy and bringing 
oppositely directed field together. This drives reconnection within the field under-
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neath the rising plasmoid. In the CSHKP model, reconnection takes the form of 
X-type magnetic reconnection, closing the field into loop structures and rapidly re-
leasing energy. This energy release produces particles and heating of the corona 
which results in the energetic flare phenomena commonly seen. The heated plasma 
becomes visible in the coronal loops, originally in soft X-rays before the plasma cools 
to become visible in the EUV. The thermal electrons produced near the top of the 
loop emit in soft X-rays via thin-target bremsstrahlung radiation (see Section 2.1.4). 
The energy released from the reconnection is also partially converted into accelerated 
particles which have much higher energy than the average thermal energy of the flare 
plasma, resulting in a non-thermal power law distribution at energies above the ther-
mal energy that produce the UV and HXR signatures often but not exclusively as 
footpoints. 
This 2-D picture of a flare is a simplification of what has become widely accepted 
to be a larger 3-D process. Clarification of when and where energy release occurs 
within the complex 3-D magnetic system is a critical step in the full understanding 
of solar flares. To this end a number of studies have focused on the importance of 
the existence and evolution of what are known as separator systems (Longcope, 1996; 
Demoulin et al, 1993, Titov et al. 2002). These systems gain their name due to the 
existence of single specialized field lines called separators that exist at the interaction 
region between two systems of oppositely directly magnetic fiux. Within the 3-D 
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magnetic system of the flaring region, a number of self contained bipolar flux systems 
develop. Each of these systems is contained within a construct known as a separatrix 
surface. Separatrix surfaces divide the flaring region into distinct flux systems with 
surface boundaries observationally determined by mapping out discontinuities in the 
observed surface magnetic field (Longcope, 1996). These separatrix surfaces bound-
aries are often defined by separators, which have been regarded as likely locations 
for reconnection within the region (Demoulin et al, 1993). Flare emissions in Ha, 
UV and HXR emission have been shown to trace the boundaries of these separatrix 
surfaces (Demoulin et al., 1993; Metcalf et al., 2003). Therefore, we can use the 
spatial distribution of the emissions and their evolution over the course of the flare 
to provide a proxy for the evolution of the magnetic topology over the course of the 
flare, tracking topological changes and determining locations for current sheets and 
potential reconnection sites. In Chapter 5, we will address the connection of HXR 
evolution and the development of separators within NO A A Active Region 10720 for 
two large flares from 17 January 2005. We will further investigate the connection 
between the magnetic topology and the emission signatures we observe. 
1.2 Eruptive Flares, and the Connection to Particle Obser-
vations 
While the bulk of flare study focuses on how the solar environment responds to 
solar transients, it is critical to include a discussion of flares and coronal mass ejections 
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in the context of their effects on the Sun-earth system and, on a larger scale, the 
heliosphere. To this end, numerous studies have distinguished between two classes 
of flare event, eruptive flares and confined flares (Svestka and Oliver, 1992; Wang 
and Zhang 2007). Confined flares are those flares that are limited in effect to the 
solar atmosphere while eruptive flares are generally associated with a CME, though 
the specific relationship between flares and CMEs remains a subject of much study 
with many unresolved questions. While CMEs are largely responsible for the bulk of 
geomagnetic storms (Weiss et al., 1996), both eruptive flares and CMEs contribute 
significantly to the particles available for acceleration within the heliosphere. Studies 
comparing eruptive and confined flare events have found two key characteristics that 
indicate a likelihood of eruption, and thus, the release of particles: the intensity of 
the flare and the duration of the event. A statistical study of Solar Maximum Mission 
(SMM) data by Kahler et al. (1989) found eruption association frequencies ranging 
from 7% for B class flares to 100 % for X-class flares. Similar results were reported by 
Yashiro et al. (2005) with 90-92 % of X-class flares being associated with eruptions. 
The association of large flares with eruption before the availability of CME obser-
vations led early investigators of energetic particles to attribute all particle events to 
flares in what is now described as the "flare myth" ( Gosling, 1993; Reames, 1999). 
While the crude picture of the flare myth has been replaced by a more realistic two-
class paradigm for particle events (see Section 1.3 for a brief description along with 
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Reames (1999) and the references therein for more detail), flare accelerated particles 
still play a key role. Particles accelerated in flares often show significant enhancements 
in elemental species such as 3He and Fe above the nominal values typically found in 
coronal plasma. Impulsive Solar Energetic Particle (SEP) events have been directly 
associated with a flare origin. These event are generally confined to the localized 
flaring region and typically show the strong enhancements in 3He and heavy elements 
consistent with enhancements expected from a flare-accelerated particle population. 
These events are smaller in spatial extent than gradual SEPs, the second type of SEP 
event, generally believed to be shock-accelerated, and are overall more numerous. 
Impulsive SEP events release highly energetic particles from localized flaring region 
on the Sun. These particles then travel into interplanetary space along well confined 
field lines specifically associated with the flaring region. 
While the nature of impulsive events and the role of flares in their production seem 
to be understood, the nature of their gradual SEP brethren remains unclear. In the 
paradigm described by Reames, these events were believe to accelerate particles from 
ambient coronal plasma, with typical coronal abundances, via shocks propagating 
out from the corona into the heliosphere. Recent in-situ observations have called this 
paradigm into question and raised the importance of variations in the shock properties 
and the particles available for acceleration in defining the particle population seen at 
Earth. Further introduction of these gradual events is included in the next section. 
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1.3 SEP Events 
Solar transients like flares and CMEs have effects that are not limited to the solar 
surface and corona. Among these effects are a vast array of highly energetic electrons, 
protons, and ionized heavy nuclei that stream from the sun into the heliosphere. Solar 
energetic particles comprise a portion of this constant particle stream originating 
directly as the result of solar flares and coronal mass ejections (CMEs) and their 
associated shocks. These particles possess immense energy, ranging from 30 keV 
to the 30 GeV for the largest events (Tylka, 2004). The importance of these solar 
energetic particles is two-fold. 
• These particles provide clear insight into the energization process for particles 
at the Sun (Mason, Mazur, and Dwyer, 1999) since they can be measured in-situ 
at Earth and and subsequently traced back to their origin at the sun. 
• These energetic particles present significant complications for space-based tech-
nology and present a radiation exposure risk for people and equipment both in 
space and, for the largest events, on Earth. 
As a result, understanding of these particle events is critical to help clarify the influ-
ence of solar transient events on the heliospheric environment and properly determine 
the effects of these events on space-based technologias and potentially human life. 
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Early studies of these events (Reames et al. 1999 and references therein) set forth 
a two-class paradigm for SEP events: impulsive events, which occur over limited areas 
of the Sun and are often directly associated with flares (discussed previously in Section 
1.2) and gradual events which originate high in the corona and are associated with 
shock-acceleration often from CME-driven shocks. In the paradigm, flare-associated 
impulsive SEP were shown to have enhanced heavy-ion and 3He abundances above 
those of the typical solar wind, while the composition of gradual shock-accelerated 
events was believed to be that of ambient coronal plasma with solar wind abundances. 
This implies that the highest energy particles and the ones of most concern to the 
Sun-Earth environment were primarily association with the smaller scale impulsive 
events. 
In-situ measurements from instruments, like those aboard the Advanced Compo-
sition Explorer (ACE: Stone et al., 1998), have blurred these distinctions between 
gradual and impulsive SEP events. These observations show that gradual events 
also exhibit heavy element enhancements, indicating that shock-accelerated events 
can accelerate the high energy particles previously associated with flare acceleration. 
As a result, the largest SEPs, almost all of which are classified as gradual events, 
can produce accelerated particles up to GEV energies which have the most direct 
consequences on the heliospheric environment. Recent studies of large gradual events 
(Desai et al., 2006: Tylka et al., 2005; Tylka and Lee, 2006) have attempted to explain 
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this enhanced component of the particle population associated with large gradual SEP 
(LSEP) events, and have posed two competing theories to explain the observations: 
• Tylka et al. (2005) and Desai et al. (2006) have suggested that remnant suprather-
mals from previous flare accelerated populations in the corona can provide a 
significant component of the particles accelerated by the CME-associated events. 
• In contrast Cane et al. (2003, 2006) posit that the enhancements result from 
a direct flare component and that the variations in observed SEP abundances 
and spectra depend on the strength of the flare component, the strength of the 
shock, and the strength of the magnetic connection between the event-associated 
region on the solar surface and the Earth. 
Further description of these events and discussion of the importance of solar activ-
ity and the solar environment will be presented in Section 2.3 leading to our study of 
the influences of solar magnetic configuration and flare productivity on the observed 
SEP abundances, discussed in Chapter 6. 
Chapter 2 
Project Background and Motivation 
This chapter describes the key issues and questions and physical understandings 
which lead directly to the research in the later chapters of this thesis. We discuss here 
the relevant background of previous studies and how the work presented here builds 
on this existing framework. To accomplish this, the chapter is presented in 3 parts: 
• Section 2.1.1 discusses the historical context of temporal and spatial studies of 
solar flares while also highlighting the relevant physical concepts and modeling 
concerns. This largely serves as background for the UV/HXR investigation 
discussed in Chapter 4. 
• Section 2.2 describes the importance of the solar magnetic field in initiating and 
governing the flaring process. Within this section we address the importance of 
magnetic topology in the flaring process. We highlight magnetic reconnection 
as a key physical processes in the flare energy release. We describe the nature 
and role of separatrix surfaces in defining the 3-D solar field and discuss the 
implications of their interaction, often at separators, in relation to observed 
chromospheric signatures. 
• Finally we discuss the relevant background in recent SEP studies and discuss 
viable solar environment variation which may influence the nature of the SEP 
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composition measured in-situ at ACE. 
2.1 Solar Flare Introduction 
Solar flares are most easily described as localized, explosive energy release events, 
freeing up some 1032 1033 ergs per second of energy for the largest events (Emslie 
et al. 2004). Solar flares predominantly occur within active regions, regions on the 
solar surface dominated by strong emergent magnetic field visibly defined by complex 
sunspot groups in the photosphere. Flares are the observable manifestation of the 
relaxation of a complex magnetic field from a non-potential state, releasing signif-
icant magnetic energy in the process. The magnetic energy is released quickly via 
magnetic reconnection which will be explained in more detail in section 2.2.1. Flares 
show emission signatures covering the full electromagnetic spectrum from gamma rays 
for the largest events to bursts of radio emissions. For the work within this study, 
we concentrate on emission in the ultraviolet (UV), extreme ultraviolet (EUV), and 
hard X-rays (HXR). While, in the case of the UV and EUV the exact production 
mechanism remains unclear, many physical constraints can be determined from the 
analysis of temporal profiles and the evolution of the flares. Most critically, compar-
ison of the temporal profiles of the observed emission in the various wavelengths can 
link signatures with co-temporal burst features to the same initial magnetic energy 
release. This connection primarily drives the study of temporal relationships in flares 
as it provides critical insight into the potential physical origins of the energy release 
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in the corona. 
2.1.1 Solar Flare Temporal Studies 
Chapter 4 will discuss our research into the temporal and spatial relationship 
between various emission signatures resulting from the chromospheric response to 
the flare energy release. Initial temporal studies of broadband EUV and hard X-ray 
emissions, based on observations from the OGO satellites and ground-based sudden 
frequency deviation (SFD) observations in the ionosphere for EUV wavelengths at 
10 1030 A (K ane and Donnelly, 1971; Donnelly and Kane, 1978; Kane, Frost, and 
Donnelly, 1979). In these studies, they analyzed a number of flares of varied intensities 
during the period 1967 to 1969 using ionization chamber data from OGO-1 and 
OGO-3 and Nal scintillation chamber data from OGO-5. The data presented were 
measurements from the scintillation chamber on OGO-5, which collected hard X-
ray data in eight channels (9.6-19.2, 19.2-32, 32-48, 48-64, 64-80, 80-104, 104-128, 
>128keV) with a temporal resolution of 2.3 seconds, and broadband EUV time profiles 
obtained from SFD observations with a time resolution of approximately one second. 
The results of three such flares are shown in Figure 2.1. Each event shows a similar 
rise phase in both wavelengths (pictured are the 9.6-19.2 and 19.2-32 keV channels). 
The analysis is limited to this part of each of the flares partially due to a desire to 
focus on the impulsive phase of the flare, but also due to unreliability in SFD data 
during the decay phase. 
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Figure 2.1 Figure 2 from Kane and Donnelly, 1971 showing comparisons of the impulsive 
rise of three flares in broadband EUV, 9.6-19.2 keV X-rays, and 19.2-32 keV X-rays. 
From these observations, Kane, Frost, and Donnelly (1979) posited a model of 
partial precipitation of energetic electrons to reproduce the UV-HXR relationship, 
theorizing that hard X-ray sources are produced through thick-target bremsstrahlung 
in the chromosphere while the EUV emission originates from chromospheric heating 
resulting from the kinetic energy transfer from the precipitated, non-thermal, elec-
trons into the high-density chromosphere, predominantly via Coulomb collisions. This 
partial precipitation model invokes three density regions and a strongly converging 
magnetic field to produce the observed X-ray footpoint and EUV emission. The 
Kane et al. model describes the flare as a single magnetic loop with the magnetic 
field converging with atmospheric depth. The non-thermal electrons are injected in 
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the low-density corona and travel along the magnetic field toward one of two higher 
density regions, the flare footpoints. Some of the particles mirror in the higher density 
regions dependent on their pitch angle and the geometric variations in the magnetic 
field. The loop structures serve as magnetic traps for particles with pitch angles 
larger than the loss cone angle, 6L defined in Section 1.1.1. The electrons which 
reach the chromosphere do so through either direct precipitation, when their initial 
pitch angles are less than the loss cone angle, 0^, or as part of an initially trapped 
population which is eventually scattered from the trap by means of Coulomb collisions 
or other mechanisms. Those electrons reaching the medium density chromospheric re-
gion produce hard X-rays through bremsstrahlung emission (see Section 2.1.4) while 
those precipitating to the high-density chromosphere produce UV and EUV emission 
through bulk chromospheric heating. 
Hard X-ray emission sources are also seen in the low density corona (Masuda et al. 
1994) and are expected, in simple flare models, to be produced by electrons trapped 
in the medium density region through thin-target bremsstrahlung emission discussed 
in Section 2.1.4. Refinement of trap-plus-precipitation model continued throughout 
the 1980's and 1990's (MacKinnon et al., 1983; MacKinnon, 1988; Spicer and Emslie, 
1988; McClements, 1990; Alexander, 1990; Bespalov et al., 1991; Mandzhavidze and 
Ramaty 1992; Alexander and Metcalf, 1997). These models were able to reproduce the 
observed HXR fluxes in the flare footpoints while also reproducing observed coronal 
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X-ray signatures, from the trapped particles. 
After the launch of the Solar Maximum Mission (SMM) in 1980, the question 
of UV-HXR relationships continued to be a prominent focus in solar flare studies. 
Cheng et al. (1988) studied predominantly the temporal relationships between these 
wavelengths as the instruments on board SMM lacked imaging capability for hard X-
ray sources above ~ 30 keV. The Hard X-ray Imaging Spectrometer (HXIS) imaged 
lower energy X-rays, from 8-30 keV, where a significant thermal spectral component 
making the non-thermal flare signatures difficult to isolate. The UV images were taken 
by the SMM/UVSP with a field of view of 3Qx30 arcseconds square. The UV data 
concentrated on the OV line at 1371 A and a wide-band UV continuum measurement 
around 1388 A (Cheng et al, 1988). For each event studied, the time signatures 
for the hard X-rays were compared through temporal cross-correlation analysis with 
both the UV continuum and the OV line, permitting a determination of any time 
lags between the various emissions. 
Sample data from the Cheng et al. studies (Figure 2.2) show a strong correlation 
in the impulsive bursts at all three wavelengths. Within the time resolution of this 
study (0.128 seconds), they report a 0.3 to 0.7 second time lag between the UV and 
hard X-ray peaks with the X-rays leading the UV emission. They also found that 
the correlation coefficient varies with the progression of the flare through a series of 
bursts with the strongest correlation being coincident with the peak burst of the hard 
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Figure 2.2 Example lightcurves of a May 24, 1985 flare from Cheng et al (1998). The 
labeled bursts are corresponding pulses in all three wavelengths. 
X-rays. Analysis of these individual bursts is a key piece in completing the temporal 
development picture, and is a prominent aspect on which the study discussed in this 
thesis will build. Cheng et al. (1988) also demonstrated the existence of spatially 
localized UV and HXR emission. They reported that the majority of the sources 
observed in the UV were approximately 4 arcseconds, with 1 arcsecond equaling 
approximately 727 km in width. The 4 arcsecond UV resolution corresponds to the 
UVSP instrument resolution (images focused on the Si IV lines). The motions of 
these sources provide evidence for the commonly held belief that these UV kernels 
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were footpoints at the base of the flaring coronal loops. These UV kernels can be 
viewed as individual sources which correspond to specific brightening peaks within 
the UV lightcurve (Cheng et al., 1981; 1988). 
Addressing the physical processes behind these results, Cheng et al. (1988) com-
pared their UV line and continuum emission observations with the predictions of a 
number of models for hard X-ray and UV production. The results of these compar-
isons will be addressed in Section 2.1.3. 
2.1.2 Studies Incorporating Spatial Development 
Solar flare research advanced in the 1990's in part through the launch of the 
YOHKOH and TRACE missions (SOHO was not largely focused on flares although 
it has significantly contributed to transient phenomena research in collaboration with 
other missions). These spacecraft greatly improved spatial and spectral resolution, 
at their respective wavelengths, over those available with SMM. TRACE images in 
a number of UV wavelengths with a spatial resolution of approximately 1 arcsec-
ond, imaging every 1 to 2 seconds at its highest cadence (Handy et al. 1999). The 
YOHKOH spacecraft and in particular the Hard X-ray Telescope (HXT) instrument 
allowed for hard X-ray imaging in 4 X-ray channels (Lo: 13-23 keV, Ml: 23-33 keV, 
M2: 33-53 keV, and Hi: 53-93 keV). Details on the Yohkoh mission can be found 
in Tsuneta et al. (1991) and Kosugi et al. (1991). Warren and Warshall (2001) re-
visited the relationships between UV and hard X-ray emission in flares incorporating 
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these improved datasets. They presented results of nine flares exhibiting coincident 
flare emission in the UV continuum TRACE observations (peaking at 1600A) and 
in YOHKOH/HXT, with additional flares observed in HXR data from the Burst 
and Transient Source Experiment, (BATSE) a hard X-ray instrument on board the 
Compton Gamma Ray Observatory for events where YOHKOH data for both the rise 
phase and peak times were not available. Figure 2.3 provides an example of Warren 
and Warshall's data comparing the lightcurves of six identified UV sources from an 
Ml.l flare occurring on 17 March 2000 with the composite hard X-ray lightcurve from 
BATSE data in the 25-50 and 50-100 keV channels. 
The temporal correlation analysis of the sources shown in Figure 2.3 indicated 
a strong correlation between UV sources with minimal pre-flare emission active at 
X-ray onset (sources D and E) and the hard X-ray emission, but no correlation and, 
in some cases, an anti-correlation between UV and hard X-ray sources that exhibited 
significant precursor activity (Warren and Warshall, 2001). Of the nine events studied, 
five were observed with HXT, allowing for spatial resolution of the hard X-ray sources 
to within approximately 8 arcseconds. Two flares observed under these conditions 
were provided as examples of the spatial separation between the HXR emission sources 
and the UV brightenings. This separation suggests a more complex configuration than 
the single loop, often invoked by simple models, can provide. Figure 2.4 contains two 
UV images from TRACE with overlaid contours from the HXT data. The first image 
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Figure 2.3 Comparative lightcurves of a March 17, 2000 flare (TRACE curve in 
foreground). Analysis of these lightcurves indicates a correlation between hard X-ray sources 
and UV sources which showed no preflare emission. (Warren and Warshall, 2001) 
shows the initial UV ribbons prior to the onset of hard X-ray production while the 
second is a snapshot from near the onset of initial hard X-ray burst. While the 
UV emission exhibited extended, brightened, flare ribbon structures, the HXR bursts 
appeared concentrated at one end of the central ribbon. 
2.1.3 Implications for Energization Models 
Due to the complexity of the energization process of solar flares, a variety of mod-
els have been proposed to reproduce the observed relationships between emissions at 
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Figure 2.4 TRACE UV images from the 22 January 2000 flare in the study. The left 
image shows the development of a UV ribbon structure prior to the onset of hard X-ray 
emission. The right image is taken during the initial hard X-ray burst. The hard X-ray 
emissions are clearly more localized than the UV emission (Warren and Warshall, 2001) 
different wavelengths. As instrumentation has improved, observational constraints on 
flare emission have become more stringent. Temporal profiles have sufficient resolu-
tion to determine the lag times between the emissions and constrain whether they 
are the results of a common impulsive origin or not, while observations of the spatial 
separation of temporally correlated emissions at various wavelengths have suggested a 
need for a more complex magnetic topology to allow for energy deposition consistent 
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with the spatial distributions found. Observations of UV and HXR emission being 
temporally correlated to within 1 second (Cheng et al. 1988, Woodgate et al. 1983) 
rules out thermal conduction models, such as those put forth by Brown, Melrose, 
and Spicer (1979) and Smith and Lilliequist (1979) for these temporally coincident 
sources. Thermal conduction fronts travel at the local sound speed which is around 
300 km/s within the corona. Consequently, these models require delays of 6-20 sec-
onds for the UV emission relative to the hard X-rays (Woodgate et al 1983) to travel 
from the apex of coronal loops in the corona, the proposed location for the energy 
release, and the base of the loops in the chromosphere where the UV emission is 
produced. This model assumes that the HXR emission results from particles which 
reach the chromosphere in approximately 0.1 seconds while the UV emission arises 
from a later developing thermal conduction fronts. 
Cheng et al. (1988) also compared their time delay observations to other models 
including non-thermal electron beams, hole boring, in which an initial beam creates 
a high-temperature and low-density channel in which subsequent beam electrons pre-
cipitate (Cheng et al, 1988), and Alfven wave heating (Emslie and Sturrock, 1982). 
All of the models tested were unable to sufficiently reproduce observations given the 
timing, density, and spectral constraints. The difficulties inherent to these models 
include the ability to generate enough energy at the needed chromospheric depths 
to produce the UV continuum emission and the ability to reproduce the observed 
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temporal correlations. In addition, the results of Warren and Warshall (2001) raise 
critical questions regarding the spatial structure and topology of the flaring regions. 
The spatially-extended nature of the UV emission suggests that the flare consists 
of a more complicated topology than a single loop structure, while the precursor 
emission raises the possibility of multiple mechanisms being necessary to reproduce 
the observed emission in its entirety. Observations presented in this thesis utilize 
the improved spatial resolution provided by the Ramaty High Energy Solar Spectro-
scopic Imager (RHESSI: Lin et al., 2002) to investigate the spatial component of the 
UV/HXR relationship with higher resolution than previously available. The combi-
nation of RHESSI and TRACE provides a significant opportunity to probe small scale 
structure within both the UV and the hard X-ray sources and observe any notable 
spatial separations between the emitting regions. The time resolution improvements 
of RHESSI present an opportunity to refine the timing relationships reported by War-
ren and Warshall (2001) with improved accuracy to verify and extend the correlation 
work. 
Observations in other wavelengths, such as Ha (Kitahara and Kurokawa, 1990), 
have shown that localized sources of chromospheric emission within the same flare can 
have widely varying time profiles with the disparate Ha profile types being temporally 
associated with emissions including hard X-rays, soft X-rays, X-ray emission under 10 
keV, and thermal conduction fronts. The temporal and spatial resolution of RHESSI 
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and TRACE allow us to analyze individually localized UV sources to investigate 
whether a similar variety of responses is observed in the UV. Correlations to additional 
types of emission suggest that multiple physical mechanisms as well as varied particle 
populations may be involved in creating the complex emission signatures seen in 
flares. 
2.1.4 X-ray Emission from Bremsstrahlung Radiation 
X-ray emission in the atmosphere is a direct result of the acceleration of high-
energy particles. The specific mechanism for hard X-ray production in the chro-
mosphere, and soft X-ray emission in the corona, has been shown to be bremsstrahlung 
radiation, also called braking radiation or free-free emission. Bremsstrahlung emis-
sion arises from the interaction of accelerated electrons with other charged particles 
in the solar atmosphere to produce the observed X-ray emission. These interactions 
result from interaction of two passing unbound charged particles, predominantly, a 
fast-moving electron with an ambient, relatively stationary, ion. These interactions 
are governed by the bremsstrahlung cross-section of the non-relativistic electrons for 
scattering from free ions given by the Bethe-Heitler cross-section: 
, _, 7.9 x 10-25Z2 1 + (1 - | ) 5 
oB(e,E) = — In- K- f f r cm2keV \ (2.1) 
et i _ ( i _ ! ) 2 
where e is the photon energy, E is the energy of the accelerated electron, and Z2 is the 
average atomic number of the plasma, taking into account the elemental abundances 
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and the composition of the plasma. For solar composition, Z2 is approximately 1.4. 
In the solar atmosphere bremsstrahlung radiation is generally described in two dif-
ferent ways, thick-target bremsstrahlung and thin-target bremsstrahlung. Thick-target 
bremsstrahlung ( Brown, 1971; Brown and McClymont, 1975) occurs in regions where 
the target is sufficiently dense enough to completely stop, i.e. thermalize, the accel-
erated electrons. Thick-target emission is generally believed responsible for the hard 
X-ray footpoint emissions in the chromosphere. The non-thermal, high-energy elec-
tron beams travel through the corona and lose all of their energy in the higher density 
layers in the chromosphere. Approximately 10~5 of that energy is emitted through 
bremsstrahlung. The rest of the energy goes into heating the chromosphere and pro-
ducing additional flare emission signatures. In contrast, thin-target emission occurs 
in low-density regions where the electron distribution of the beams are unchanged as 
they propagate through the target (Wheatland and Melrose, 1995). Thin-target emis-
sion occurs largely in the corona where the plasma is tenuous and thus loss of energy 
due to collisions is rare. Within many flare models, this type of bremsstrahlung is 
responsible for the non-thermal component soft X-ray emission in the corona (Benz, 
2008). 
A key difference between the thin and thick target scenarios is the hardness of the 
resulting photon spectrum for a given electron injection profile, often, within non-
thermal electron beams, assumed to be a power law proportional to E~s. The photon 
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spectrum can be determined from: 
W = A' = CFiE°)C ^(^MEdE, (2.2) 
where ag is the bremsstrahlung cross-section given by Equation 2.1, e is the photon 
energy as before, E is the electron energy, R is 1 AU, and S is the flare area. The 
parameter In A is the Coulomb logarithm, which is defined by the collisional properties 
of the plasma. Its logarithmic dependence varies slowly enough that it is generally 
taken as a constant with a value of 10-20 for solar flares. 1(e) is the photon intensity 
distribution. It has been shown that given an electron power law distribution, both 
the thick-target and thin-target cases also produce power laws, of the form e~7, only 
with different power law indices, 7. The power law indices relate directly to the 
electron distribution: for the thick-target case (Brown, 1971) 
Ithick = S-\ (2.3) 
and for the thin-target case: 
1fthm = S+l (2.4) 
In terms of the X-ray spectrum for a typical flare we find low energies, < 25 keV, 
dominated by a thermal component which is in the form of a Maxwell-Boltzmann 
distribution, with a peak temperature of ~ 35MK, and, high energies, dominated 
by a hard power law spectrum consistent with the thick target emission for energies 
above 25 keV. We focus the work here on hard X-rays from 25-100 keV that are more 
directly linked to impulsive flare behavior. 
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2.2 Impor tance of Magnetic Topology in Influencing the Be-
havior of Solar Transients 
Solar flares and CMEs are visible manifestations of rapid energy release from the 
solar corona and specifically the coronal magnetic field. These transients originate 
from areas of strong and complex magnetic fields known as active regions. Typi-
cally, active regions associated with significant flare and CME productivity are often 
distinguished in white light images by complex sunspot groups (Tian et al. 2005; 
Tian and Alexander, 2006). These complex field regions store vast amounts of energy 
as currents within a non-potential configuration. Like many physical systems how-
ever, this non-potential magnetic field is naturally driven to lower energy states and 
subsequently releases magnetic free energy whenever an appropriate mechanism and 
trigger are presented. This energy release manifests itself in a number of observable 
processes: particle production, bulk coronal heating, dynamic motions, and emission 
signatures covering the entirety of the electromagnetic spectrum. A complete un-
derstanding of the solar flare and CMEs processes requires that we address both the 
mechanism governing the release, believed to be magnetic reconnection, as well as the 
topological constraints that are necessary to address the emission and morphological 
constraints that are observed. 
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Figure 2.5 Schematic of reconnection at a current sheet taken from Forbes (2006). 
2.2.1 Magnetic Reconnection in Flares 
A key process in flare models is magnetic reconnection which is invoked to release 
and redistribute magnetic free energy in the corona. Reconnection occurs when two 
magnetic regions of opposite polarity interact allowing plasma to diffuse across the 
field and reconfigure the magnetic connectivity in such a manner as to release free 
magnetic energy often via formation of a current sheet, a 2-dimensional structure de-
veloping within the coronal magnetic field where electric currents accumulate. When 
the currents in these current sheets exceeds a critical value, allowing for particle dif-
fusion to occur across oppositely directed field, reconnection occurs and magnetic 
energy is released (see Figure 2.5 In 2-D scenarios, reconnection is most often ex-
plained via two common mechanisms: Sweet-Parker reconnection (Sweet, 1958 and 
Parker 1963) and Petschek reconnection (Petschek, 1964). Detailed discussion of both 
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these processes are present in Chapter 10 of Aschwanden (2004). Both these 2-D mod-
els struggle to account for reconnection in flares with Sweet-Parker reconnection not 
reconnecting fast enough and Petschek reconnection struggling to reconnect sufficient 
portions of the coronal plasma (Aschwanden, 2004). 
Recently, a number of 3-D models have been developed that appear to explain 
the various aspects of flare reconnection. Among the most common of these are X-
type reconnection and separator reconnection. Typical flare scenarios, such as those 
depicted by Figure 1.6, suggest that X-type reconnection is appropriate, i.e. two 
oppositely directed open field regions are brought together and interact at an X-point 
in the corona. A number of X-type reconnection scenarios are described in a recent 
review by Aschwanden (see §2 from Aschwanden (2002) and the references therein). 
These scenarios are schematically shown in Figure 2.6. The key aspects of each of 
these scenarios involve variations in the field-line connectivities between oppositely 
oriented field, whether they be open field, which connects the sun magnetically to 
interplanetary space, or closed field loops, which have both of their footpoints an-
chored to the solar surface. In the scenario from Tsuneta (1997), two open field lines 
reconnect in the corona above the observed neutral line inferred from chromospheric 
observations and line-of-sight magnetograms. The neutral lines serve as key locations 
for reconnection because they are logical points for the easy interaction of opposite 
polarity field. The result of the reconnection is a smaller closed loop which entrains 
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Figure 2.6 Schematic diagrams of bipolar, tripolar, and quadrupolar configurations for 
magnetic reconnection in 2-D and 3-D cases. Figure taken from Aschwanden (2002) 
coronal plasma and facilitates particle transport into the chromosphere. More com-
plex scenarios, the tripolar and quadrupolar cases, involve the interaction of one or 
more closed magnetic structures. In these scenarios, the closed loops are temporally 
opened by reconnection before settling into a largely closed topology. In each case, 
reconnection results in the coronal magnetic field relaxing into a more potential state 
due to the transfer of energy from the magnetic field to observable flare signatures. 
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Another more complex means of 3-D reconnection is reconnection along a special-
ized field line known as a separator. Separators, to be discussed further in the next 
section, are boundaries of 3-D flux systems known as separatrices. These surfaces di-
vide the active regions into well-defined flux systems. As such, their boundaries form 
ideal locations for interaction and reconnection. Reconnection at these boundaries 
evolves with the flare based on the development of current sheets within the solar 
corona. 
2.2.2 Separators, Separatrices and QSLs 
Separators and separatrix surfaces are a viable means of explaining the cause and 
locations of magnetic energy release while addressing the link between the release 
trigger and the chromospheric flare signatures. Separatrix surfaces are 3-D surfaces 
which divide the flaring region into independent self-contained flux systems. The 
boundaries of these systems, specialized field lines known as separators, are defined 
by discontinuous mapping of the field in the flare region. The locations of the discon-
tinuities are determined from the solution to the equation 
dr(s) D(r(s)) 
ds \D(r(s))\ [ -°> 
where B(r(s)) is the magnetic field value at a point r(s) along the field line, r(s) is 
a coordinate along the field such that ^ is tangent to the field line, and s is the 
position along the line (Longcope, 1996). Due to the discontinuities described, these 
separators mark likely locations within the complex flaring region for reconnection 
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to occur. Separators act as 3D extensions of magnetic null points, locations in the 
magnetic field where the field is zero, and mark the boundaries between oppositely 
directed flux systems. These boundaries at separators allow particles to diffuse into 
oppositely directed field allowing for reconnection to occur and changing the overall 
connectivities of the magnetic topology. 
Frequently, in lieu of complete discontinuities, reconnection occurs in regions called 
quasi-separatrix layers, hereafter QSLs (Demoulin et al., 1993; Titov et al., 2002; 
Wang et al., 2000). QSLs are defined not by complete discontinuities but by steep 
gradients in the magnetic field producing a similar effect as the pure separator system, 
only with a less stringent boundary condition (Priest and Demoulin, 1995; Demoulin 
et al., 1996). A critical complication arises in the determination of separators and 
QSLs in that the magnetic fields in the corona are not measurable. Consequently, 
these fields must be extrapolated from the measurable fields in the photosphere. The 
photospheric field serves as a valid boundary condition because the chromosphere and 
corona are magnetically-dominated plasmas where the particle motions are governed 
by the magnetic fields. From these field extrapolations, we calculate the boundaries of 
QSLs using a calculation of the norm, which takes into account all the local gradients 
to provide a quantitative indication of the existence and strength of a QSL at a given 
location. The norm, however, often double counts gradients as it fails to take into 
account that each field line has two footpoints. To correct this, Titov et al. (2002) 
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discuss a squashing degree factor, Q, as an improvement upon the norm calculation 
designed to incorporate multiple mappings from given footpoints in the tracing of the 
field line mapping. The mathematical forms for the norm and the squashing factor 
will be presented in Section 5.1 as they are applied directly to observations. 
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Figure 2.7 Map of the positions of hard X-ray emission sources relative to calculated 
separatrix surface boundaries for a white light flare from 25 Aug 2001 
An important aspect of the separator analysis we address in this work is the 
connection between the 3-D separatrix surfaces and the locations of chromospheric 
emission signatures. Ribbons of emission in wavelengths such as H a, 0 V, and UV 
continuum emission have been shown in a number of observational studies to occur 
near the intersections of the separatix surface boundaries with the chromosphere 
(Demoulin et al, 1993; Loncope, 1996). Metcalf et al. (2003) traced the evolution 
of hard X-ray emission sources over the course of a large flare and found that the 
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X-ray sources generally track along and near the separatrix surface intersections with 
the chromosphere (see Figure 2.7). A further understanding of separators, QSLs and 
their evolution would require an understanding of the evolution of the chromospheric 
emissions and the relationship to the evolving magnetic field structures. In Chapter 
5 of this thesis, we present a study tracing the evolution of chromospheric hard X-ray 
emission for two events from NOAA active region 10720. We compare the resulting 
distribution of HXR sources over time to the distribution QSLs in the solar magnetic 
field as determined from calculation of the squashing factor, Q. 
2.3 Solar Energetic Particle Study Motivation 
In Chapter 1, we discussed solar energetic particles as a key link between solar 
activity and the Earth environment. This section will provide a background for the 
study of the particle events relative to the activity occurring at the sun providing a 
key starting point for our investigations into SEPs and the solar magnetic fields. 
2.3.1 Brief History of SEP observations 
Originally seen as early as the 1940s, SEPs have always been associated with 
impulsive solar transient events. However, these early observations were assumed 
to result only from solar flares. Beginning in the 1980s, a two-class paradigm for 
SEP events began to take shape, replacing the flare-only scenario. In this picture, 
numerous, smaller, more localized, and shorter, usually on timescales of hours, SEP 
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events are associated with flares while larger SEP events, lasting periods of days and 
having greater spatial extent, are more directly linked to CME-associated shock ac-
celeration (Reames, 1999 and references therein). Among the crucial diagnostics to 
distinguish one class of event from another, are elemental abundance ratios partic-
ularly the 3He/4He ratios and the heavy element ratios, such as Fe/O or Fe/C. In 
general, so-called "impulsive" events are confined to small regions of the Sun and 
generally show enhancements in both Fe/O and 3He/4He. 3He/4He ratios and Fe/O 
ratios of order unity are typical values for impulsive events (Cohen, 2006). In contrast, 
shock-accelerated or "gradual" events were believed, in this paradigm, to result from 
the shock acceleration of particle populations of typical coronal abundances, Fe/O 
ratios approximately 0.134. Therefore, the elemental abundance ratios were believed 
to be consistent with standard coronal values. 
Until the launch of the Advanced Composition Explorer (ACE; Stone et al., 1998), 
these classes were largely thought to be mutually exclusive with the solar wind par-
ticles only contributing to gradual events and flare particles only contributing during 
impulsive events. In-situ observations from the instruments on board ACE, the Ul-
tra Low Energy Isotope Spectrometer (ULEIS) and the Solar Isotope Spectrometer 
(SIS), have blurred the lines of separation between the two classes. Studies of large, 
gradual SEP events (Tylka et al 2005; Desai et al 2006; Cane et al, 2006) have shown 
these events to have a mixed composition. While many events show the same solar 
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wind abundances expected for gradual events in the two-class paradigm, a number 
of events show significant enhancements in heavier elements and helium ratios, more 
consistent with the particle population seen in flare-accelerated events. Given the 
typical shock acceleration picture, much of the particle composition variations at low 
energies would result from the available particles to be accelerated, known as the seed 
population. These observations suggest that the seed population contains a compo-
nent of particles from previous flares. This is necessary to produce the flare-like 
enhancements despite predominantly being shock-accelerated gradual events. 
2.3.2 Connecting SEP observations to Solar Characteristics 
One further aspect of SEP characteristics is the observed variation of the compo-
sitional ratios with increased energy. The explanation for these variations in composi-
tion with energy is a subject of great contention within the SEP research community. 
One proposed theory put forth by Tylka and Lee (2005) posits that the available seed 
population contains a small but significant fraction of flare suprathermals, preferen-
tially shock-accelerated by quasi-perpendicularly oriented shocks, as defined by the 
angle between the magnetic field and the shock normal. These quasi-perpendicular 
shocks exhibit more rapid acceleration (Jokipii, 1982 Giacalone, 2005) but required 
particles with higher initial speeds (Forman and Webb, 1985; Jokipii, 1987) to fully 
take advantage of the rapid acceleration. As a result, events with quasi-perpendicular 
shock orientation would more rapidly accelerate solar energetic particles which be-
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gin with higher initial speeds and energies. Therefore, quasi-perp events show en-
hancements similar to those in flare-accelerated impulsive events because the flare 
suprathermal component, having been previous accelerated by an earlier flare event, 
will possess the higher speeds necessary. In contrast, a similar event with a quasi-
parallel shock orientation will pick up, for the most part, the typical coronal particles 
often associated with the solar wind. 
In a competing theory, Cane et al. (2003, 2006) have suggested that a direct flare 
component and a shock-accelerated component of the seed population always exists 
with the dominant component being dependent on the physical properties of both 
the flare and the shock. These properties include the strength of the flare, the ease 
with which particles can reach Earth, called the connectedness of the flare, as well as 
the strength of the shock, and the energy of the particles being accelerated. 
The need to explain the variety of observed abundance ratios and the wide array of 
behaviors with increasing energy has made it necessary to explore the variations in the 
pre-event solar environment to determine what role the ambient solar conditions and 
pre-event activity have in shaping the seed populations and particle transport for these 
events. The catalyst for this discussion stems specifically from the consideration of 
two large gradual SEP events from 21 April and 24 August in 2002. Both events were 
associated with well-connected west limb X-class flares of similar intensity (21 April is 
an XI flare while 24 August is an X3). As shown in Figure 2.8, the composition of the 
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Figure 2.8 Comparison of Fe/C ratios with energy for two large SEP events with 
similar flare and CME characteristics from 21 April and 24 August 2002. At high energies, 
above 10 MeV/nucleon, The Fe/C ratio diverges for the two events with iron preferentially 
accelerated in the August event. 
observed SEPs for these events are wildly different above 10 MeV/nucleon though they 
both exhibit significant enhancements below 10 MeV/nuc. The 24 August event shows 
significant enhancements in Fe/O and Fe/C ratios with values well above coronal 
averages, increasing with particle energy above 10 MeV/nucleon. In contrast, the 21 
April event shows a significant decrease to orders of magnitude below average coronal 
values for energies above 10 MeV/nucleon. For two flares that behave so similarly at 
the Sun to produce such varied SEP characteristics suggests that the pre-event solar 
conditions may have direct implications for SEP production. 
Alexander et al. (2004) and Liu et al. (2004) suggested that two notable differ-
ences in the 21 April and 24 August event were the magnetic configuration of the 
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corona and the overall flare activity of the respective active regions. Using these two 
events as a starting point for the study to be presented in Chapter 6 of this the-
sis, we address the magnetic field configuration using potential field source surface 
extrapolations to determine the locations and strengths of open-field regions. These 
extrapolations will determine the distribution of both open and closed field structures 
with the solar magnetic field extended to 2.5 solar radii. Open field structures are 
regions of field lines which extend beyond the 2.5 solar radii limit of the extrapolation. 
The extrapolation is limited by a source surface developed to force the field beyond 
2.5 solar radii to be purely radial, simulating the effects of the solar wind. Within the 
extrapolated volume, out to 2.5 solar radii, one endpoint of the open field remains 
disconnected provide particles a pathway to interplanetary space. We compare the 
composition ratios for SEPs at various energies to the available open field magnetic 
flux obtained by the determination of the coronal field and the area of the enclosed 
open-field region with the event associated active region. The open field regions pro-
vide the accelerated particles access to Earth and the heliosphere in general. As a 
result a comparison of open field flux to the composition ratios, measured with ACE, 
gives us a means to clarify, the importance of the solar magnetic field on the particle 
populations measured in-situ. In addition we use a modified index of flare activity 
based on the initial work with active regions by Abramenko (2005) to quantify the 
activity of the associated active region prior to the events. Due to the importance dis-
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cussed previously of a potential remnant flare particle component of the accelerated 
particle population, we look to quantify the flare activity of each given active region 
and investigate the influence of flare productivity, if any, in producing the observed 
compositional enhancements. We will further address the methods of our SEP study 
in Section 3.3 and present the results of our study in Chapter 6. 
2.4 Project Overview 
The studies presented here incorporate aspects of solar transient activity on a 
variety of distance scales, from the solar surface out to 1 AU, and on timescales of 
seconds and minutes to interplanetary events on scales of hours and days. Both flares 
and SEP events provide observational windows into the always volatile Sun-Earth 
system and provide a unique means to analyze the physical dynamics that govern 
this system. The work presented here advances the study of solar transient activity 
in four crucial areas: 
• The study of UV and HXR flares with the resolution improvements provided 
TRACE, in the UV, and RHESSI, in the hard X-rays, allows us to build upon 
the timing and spatial relationships explored in earlier studies that were con-
strained by limited spatial resolution. The improved resolution provides an 
unprecedented ability to investigate the behavior of localized structure within 
the flaring region and to gain unique insight into the overall development and 
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temporal evolution of the energy release processes and magnetic topology of a 
wide array of flares. 
Specifically, within this study, we focus on four main extensions to the UV and 
HXR studies discussed previously: 
- We compare the overall spatially-integrated UV and HXR response both 
for the full field of view TRACE data and for selected localized source in 
an attempt to verify the temporal correlations discussed in prior works for 
the overall temporal development of the flare 
- Within many events, we see a number of impulsive bursts across a given 
time profile. We conduct a correlation analysis for localized sources with 
time profiles that show significant brightening for specific bursts. 
- For the individual impulsive bursts within the X-ray profile, we compare 
the spatial distributions of active UV sources and HXR sources and posit 
potential physical mechanisms and topological configurations necessary to 
explain the observed emission. 
- For some events we concentrate on select UV sources with time profiles 
that deviate from the previously suggested UV/HXR relationships. We 
perform a timing analysis between the UV and lower energy hard X-rays 
(6-25 keV) and suggest that the UV emission may result from processes 
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other than the generally assumed injection of non-thermal electrons. 
• To further investigate the importance of chromospheric signatures as diagnostic 
for magnetic topology changes, we compare the location and evolution of HXR 
flare footpoints sources relative to the location of separators, determined from 
vector magnetogram observations, for two large flares originating in NOAA AR 
10720. This allows us to trace the evolution of the HXR emission and directly 
investigate any connection to the magnetic evolution of this complex active 
region. 
• We address the role that the solar magnetic configuration plays in producing 
the vast array of SEP signatures seen in-situ with ACE. We do so by comparing 
the access to interplanetary space determined by open field availability from 
potential field source surface extrapolations to the observed in-situ abundance 
ratios. 
• Finally, we address the relationship between SEP composition and the overall 
activity history of the event-associated active region. We achieve this by deter-
mining a numerical index of flare activity based upon modifications to the work 
of Abramenko (2005). 
Chapter 3 
Instrumentation and Methodology 
The multi-wavelength analysis of solar flares and SEP events presented in the 
later chapters of this thesis requires the combination of numerous data sets from 
a variety of disparate instruments and a wide range of analysis techniques to most 
completely address the complex nature of this activity. This chapter is designed to 
provide something akin to a quick reference guide for the instrumentation, data, and 
analysis techniques used in our work. For simplicity, the chapter will be structured 
to cover all the instrumentation at the onset while the methodology for the flare 
and SEP studies will be presented separately. In addition, the methods used will be 
addressed in greater detail in the relevant research chapters. 
Our analysis of flares incorporates image processing, including UV and white light 
images from TRACE, hard X-ray image reconstructions and high temporal resolution 
lightcurves from RHESSI, and white-light images and line-of-sight magnetograms 
from MDI on board SOHO (the white light data used for co-alignment of TRACE 
images: see Section 3.2.4). Our SEP analysis incorporates magnetic field modeling 
through potential field source surface (PFSS) extrapolations based upon the line-of-
sight magnetogram input from MDI and in-situ particle measurements from the Solar 
Isotope Spectrometer (SIS) and the Ultra Low Energy Isotope Spectrometer (ULEIS) 
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on board ACE. This chapter will provide the requisite information about the various 
spacecraft and the instrument performance required by our analysis. We also detail 
the data processing and analysis techniques used in our study along with discussing 
critical aspects of the PFSS model as a means of determining magnetic flux from SEP 
event-associated active regions. As a final component, we will discuss our methods 
for quantifying flare activity within an active region based upon archival data from 
GOES observations. 
3.1 Instrumentat ion 
3.1.1 TRACE 
The Transition Region and Coronal Explorer (TRACE: Handy et al., 1988; 1999) 
is a high resolution ultraviolet and extreme ultraviolet imaging telescope which di-
rectly images the solar atmosphere through normal incidence optics on a CCD array. 
TRACE images plasmas from 6000K, photospheric white light, to approximately 
2MK, coronal EUV line emission, covering a maximum field of view of 512"x512" 
with each pixel being 0.5 arcseconds (~ 350km) on a side. The small pixel size allows 
for a spatial resolution of approximately one arcsecond. This limited field of view 
only permits imaging for a small fraction of the solar surface, at best the TRACE 
field of view only covers approximately 9 percent of the solar disk. The lack of full-
disk imaging presents instrument pointing difficulties for TRACE due to the lack of 
continuous solar limb observation capabilities. While many instrument-specific data 
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corrections are taken care of through data prepping, there persists a TRACE pointing 
error of 5-12 arcseconds which is not corrected for in the prepped TRACE data. This 
pointing error results from flexes of the metering tube which holds together the aper-
ture and CCD components of the telescope. To correct this we apply a co-alignment 
process with SOHO/MDI data to incorporate the accurate pointing information of 
SOHO into the TRACE observations (see Section 3.2.4). 
The TRACE telescope images through a 30cm aperture that is divided into 4 
quadrants, 3 for EUV imaging at 171, 195, and 284A respectively and 1 for imag-
ing in the ultraviolet and visible light. A detailed explanation of TRACE imaging 
capability is discussed by Handy et al. (1998). Here, our focus is centered on the 
UV imaging, specifically the 1600A observations with the white light observations 
providing the context for correcting the misalignment of the TRACE data. We use 
data collected using the Flarewatchl600 observing program originally implemented by 
Harry Warren (see Section 3.2.2). The 1600A observations permit the imaging of the 
UV continuum with a FWHM of 245A using a narrow-band UV filter. Images taken 
at this wavelength show emissions from plasma at temperatures of 10000-100000 K. 
The response function of this continuum filter is shown in Figure 3.1. The TRACE 
data taken using Flarewatchl600 uses a two-phase observing approach, requiring that 
the field of view of the 1600A data vary depending on the count rate. During initial 
Flarewatch observations, TRACE targets a 384"x384" field of view with 0.5" pixels; 
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Figure 3.1 Instnimental transmission efficiency response versus wavelength for the 
TRACE ultraviolet ( 1600A 1216A ) and white light ( Fused Silica) observations. Taken 
from Handy et al. , 1998 
however, when a count trigger is exceeded, the field of view is reduced to 256"x256" 
to allow for a faster cadence while maintaining the maximum resolution of approxi-
mately 1". A key aspect of this program is the time resolution it provides. During 
flare mode operations, 1600A images are taken approximately every 1-2 seconds. Dur-
ing the pre-flare stage the cadence is approximately 4 seconds due to the larger field 
of view used in pre-flare imaging. In either mode, observations using Flarewatchl600 
have been optimized to specifically image in the 1600A band at cadences fast enough 
to capture the rapidly varying coronal conditions occurring during a flare. Typically 
when not in Flarewatchl600, the cadence of 1600A observations is at best one minute 
when these images are included in the observing sequence. This typical slow cadence 
would not allow for an appropriate study of the dynamic response to the flare at UV 
wavelengths as in many cases only a few UV images would be taken over the course 
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of a flare. 
In addition to the 1600A observations, we also require white light context obser-
vations to be used for co-alignment purposes. These observations are taken with the 
same quadrant as the UV images using a broadband fused silica filter in place of the 
narrowband UV filter used earlier. The response function of both filters are shown in 
Figure 3.1. White light images are taken with a cadence of approximately one minute 
during pre-flare observations and provide a direct comparison with the SOHO/MDI 
white light full disk images. The white light data from TRACE and MDI observe the 
same structures but at different spatial resolution allowing us to register the TRACE 
data with that of MDI which has accurate pointing information. Using these common 
features and the accurate pointing of the SOHO spacecraft, we can correct the point-
ing information reported by TRACE. The specifics of the co-alignment procedure will 
be detailed in Section 3.2.4. 
Together, the UV continuum and white light images produced by TRACE provide 
insight into the progression of the well-resolved UV sources both before and during 
the hard X-ray impulsive flare. These observations allow for a high time resolution 
study of the UV emission response to various portions of the flare and permit the UV 
emission to serve as a diagnostic and constraint for the short-timescale development 
of the flaring region. 
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3.1.2 RHESSI 
The hard X-ray data presented in this work consists of observations by the Reuven 
Ramaty High Energy Solar Spectroscopic Imager (RHESSI). RHESSI is an X-ray 
and gamma ray imaging telescope with a spectral range from 3keV to 17MeV with a 
maximum spectral resolution of ~lkeV. Physically, RHESSI is a rotating modulation 
collimator telescope consisting of nine germanium detectors, each with two rotating 
grids which control the photon transmission. Each of the detectors corresponds to a 
grid pair of varying coarseness, ranging in spatial resolution from 2.3 to 183 arcsec-
onds for detectors 1 to 9. As the spacecraft rotates every 4 seconds each of the nine 
detectors collects a different fraction of photons from the solar source, varying with 
time and the orientation of the grids. Images from RHESSI are reconstructed by var-
ious transformation techniques, depending on algorithm, of the modulation patterns 
observed, as described in Figure 3.2. 
The seven cases of modulation patterns shown in Figure 3.2 indicate how vari-
ations in source intensity, location, and spatial extent will modify the modulation 
patterns seen in the detector. Examples 1 and 2 show the variation in modulation 
pattern with intensity for point sources, with a weaker point source correspond to a 
less intense flux peak. Examples 3 and 4 describe variations in the vertical and hori-
zontal location of a point source distribution. A vertical shift corresponds to a shift 
in the temporal profile of the modulation with the peaks shifted in time. A horizontal 
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Figure 3.2 Ideal modulation patterns for a single RHESSI detector corresponding to 
variety of spatial and distributions and varied source intensities. 
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shift reduces the period of oscillation in the modulation pattern. Examples 5 and 6 
show the effects of extended sources. In both cases, the modulation peaks broaden 
in time due the extended nature of the source. Larger sources generally correspond 
to lower flux peaks. While these idealized cases make clear the effects of source vari-
ations on a detected modulation pattern; however, actual RHESSI data contains a 
complex spatial distribution leading to a wildly varying modulation pattern (example 
7). Over the course of the integration, as counts increase, transforms of the modula-
tion pattern allow convergence into localized hard X-ray sources reconstructing the 
images. 
In our study the reconstructed images are created with a 128"xl28" field of view 
centered on the flare region using pixels that are 2" on a side. Although a number 
of other image reconstruction techniques are available (back projection, CLEAN, 
maximum entropy methods), we choose to use the Pixon reconstruction algorithm 
(Metcalf et al. 1996) due to the improved photometry that it provides. Since the 
image reconstructions require sufficient counts for hard X-ray source convergence, the 
images require time intervals much longer than that of the direct imaging intervals 
used by TRACE, generally from 10 to 20 seconds for the HXR images presented in 
later chapter. Spatially, the HXR footpoints can be resolved to various spatial scales 
depending on which detectors and grid pairs are in use. The RHESSI instrument 
has a maximum spatial resolution of approximately two arcseconds for energies up to 
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lOOkeV with the inclusion of detector 1 that uses the finest set of grids (resolution of 
2.3 arcseconds). 
As a consequence of the long image reconstruction time, we must limit the X-ray 
observations for the high cadence temporal evolution, driven by the 2-second TRACE 
cadence, to spatially-unresolved lightcurves. For non-imaged data, RHESSI provides 
a maximum temporal resolution of tens of milliseconds at all energies. Time profiles 
from RHESSI are produced from the measured number of photons collected for a 
given energy in a given time interval totaling photons from the detectors selected. The 
shortest time interval commonly used in the RHESSI analysis is 0.1 seconds, providing 
key insight into the variable injection of particles; however for most of our study 
these lightcurves will be rebinned to two second averages to match the cadences of 
the TRACE observations. The original RHESSI lightcurve with 0.1 second temporal 
resolution illustrates the small-scale variability in the X-ray signals likely due to a 
series of injections of energetic particles (see Chapters 1 and 2). Binning the data to 
match the TRACE resolution allows us to compare the UV and hard X-ray emission 
during large scale impulsive bursts. This comparison allows the investigation of the 
general burst characteristics of each flare. 
3.1.3 Michelson Doppler Imager (MDI) 
The Michelson Doppler Imager (MDI), on board the Solar and Heliospheric Ob-
servatory (SOHO) is designed to obtain magnetograms and white light intensitygrams 
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primarily for the entire solar disk. The MDI white light images provide a full-disk 
image of the solar photosphere at 4 arcsecond spatial resolution. This is significantly 
less than the TRACE resolution, but specific features such as sunspots, pores, and 
magnetic structures are clearly distinguished in both the MDI and TRACE observa-
tions. These simultaneous observations of the same structures, at approximately the 
same wavelength, provide selection points for image co-alignment and correction of 
TRACE metering tube pointing errors. 
A second source of data we use from MDI for these studies is the 96-minute 
cadence full-disk line-of-sight magnetograms. These magnetograms aid in determin-
ing the magnetic configuration and evolution of the active regions. Changes in the 
magnetograms, such as an emerging flux systems, are suggestive of wide-reaching 
magnetic changes to the overall topology within the flare. A second application of 
these magnetograms relates directly to the SEP component of this thesis. The two 
arcsecond resolution magnetograms are combined together to create a synoptic map 
over a complete Carrington rotation (a 27.27 day period). This Carrington map of 
the solar surface radial magnetic fields (Figure 3.3) serves as the direct input for 
the potential field source surface models used to determine the solar magnetic con-
nectivities associated with each SEP event (see Section 3.3.2 for a more complete 
explanation.) 
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Figure 3.3 Synoptic Carrington map from SOHO/MDI for Carrington rotation 2025 
(2 January 2005 to 29 January 2005) provided as a sample Carrington map of those used 
in the PFSS analysis 
3.1.4 The Advanced Composition Explorer (ACE) 
The Advanced Composition Explorer or ACE, launched in 1997, contains 6 in-
struments designed to the explore elemental and ionic composition for elements from 
helium to iron over the full range of particle energies from solar wind values, of or-
der 1 keV/nuc, to cosmic ray energies, of order 500 MeV/nuc ( Stone et al., 1998a). 
Of particular interest to this study are the Ultra Low Energy Isotope Spectrometer 
(ULEIS: Mason et al., 1998) for energies from approximately 45 keV/nuc to energies 
of order 1 MeV/nuc and the Solar Isotopic Spectrometer (SIS: Stone et al. 1989b) 
for energies from 10 to 100 MeV/nuc. The energy per nucleon measurement system 
is design to given all the elemental species a common scale for easy comparisons. 
Both of these instruments provide unique insight into the particle composition of 
a number of large SEP events. The in-situ measurements, particularly of helium, 
iron, oxygen, and carbon composition enhancements, provide critical diagnostics to 
distinguish the various components within the accelerated particle population. Mea-
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sured values similar to those seen in the solar corona would be consistent with a 
picture of shock accelerated coronal material while events showing significant 3He or 
Fe enhancements likely possess a strong component of previously accelerated flare 
suprathermal particles in addition to the coronal plasma population. These particles 
are then accelerated by the CME-associated shock driving the event. For our study 
we obtain ULEIS composition data from Desai et al. (2006) and SIS measurements 
from Tylka et al (2005). 
3.2 Flare Study Methodology 
Our study of solar flare observational signatures is two-fold. Primarily, we focus 
on determining relationships, both temporal and spatial, between the UV and hard X-
ray chromospheric signatures for a wide spectrum of flares with the intent to use these 
relationships as constraints on the energy release mechanisms and magnetic topolog-
ical configurations responsible for the observed flare emission. In addition, we look 
at the evolution and development of these chromospheric signatures independently 
with specific attention paid to determining how the evolution of the flare signatures 
relate to the development of the topology of the flaring region. We pay particular 
attention to the the development of current sheets, separators, and quasi-separatrix 
layers (QSLs) as discussed by Demoulin et al. (1997). 
To accomplish the goals discussed requires the integration of a number of dis-
parate datasets from varied instruments The combination of each of these into a 
67 
coherent analysis presents a number of significant steps in preparation for the com-
plete analysis. These include defining the event selection criteria for each component 
of the study, selecting any appropriate observing programs necassary, developing a 
lightcurve analysis for the UV and HXR emission, particularly in the UV case for 
localized source as well as for the spatially-integrated flare, and lastly addressing the 
correction of uncertainties in the TRACE pointing through co-alignment with MDI 
white light intensitygrams. Each of these issues is critical to the analysis presented 
and is therefore explained in some detail below. 
3.2.1 U V / H X R Event Selection Criteria 
To optimize our study of UV and hard X-ray relationships in flares, our goal is 
to have complete high-cadence data in both wavelengths. This requires full coverage 
in both data sets from the initial impulsive phase through the gradual decay of the 
flare. To this end there are three criteria we use for event selection: 
1. We select flares observed with the Flarewatchl600 observing program to ensure 
high cadence UV observations (see Section 3.2.2). 
2. We verify that RHESSI data is available for the TRACE events selected. 
3. We confirm that the hard X-ray data contains sufficient counts within the 25-
100 keV energy range for pixon image reconstruction to be successful. The 
25-100keV energy range is selected to minimize the effects of high-temperature 
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thermal emission, which dominates X-ray emission below 25 keV for most flares, 
This energy range is effective for most events; however, some of the stronger 
X-class events do show significant thermal emission in the 25-50keV range. For 
those instances, we limit the imaging energy interval to 50-100 keV. 
The results of the flare selection are tabulated in Table 3.1. We have 14 events 
covering a wide range of flare classifications. The GOES classification system is 
explained in Section 1.1.1. The UV images of these flares show a number of structural 
types (single loop, two ribbon, c-shaped, and multiple ribbon flares are all represented) 
all of which provide unique constraints on the magnetic topologies available in the 
flaring region. 
RHESSI Flare Number 
2070405 
2070703 
2071611 
2071705 
2071811 
4011911 
4111002 
4122801 
5011502 
5011555 
5011912 
5012106 
6120608 
6120609 
Date 
4 July 2002 
7 July 2002 
16 July 2002 
17 July 2002 
18 July 2002 
19 January 2004 
10 November 2004 
28 December 2004 
15 January 2005 
15 January 2005 
19 January 2005 
21 January 2005 
06 December 2006 
06 December 2006 
Time Range (UT) 
07:28-07:35 
03:57-04:05 
06:36-06:45 
06:56-07:05 
22:56-23:04 
12:30-12:38 
02:03-02:11 
00:07-00:13 
00:38-00:45 
22:41-23:19 
10:19-10:28 
10:12-10:21 
18:41-18:56 
20:15-20:23 
GOES X-Ray Class 
M 1.1 
C3.5 
C6.5 
M 8.5 
C8.2 
M 1.1 
X2.5 
C7.2 
X1.2 
X2.6 
M 2.7 
M 1.7 
X6.5 
M3.5 
Table 3.1 A summary of dates, times, flare classes, and catalog number for the flares 
analyzed in our UV/HXR relationship study. 
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3.2.2 The Flarewatchl600 observing program 
The strict requirement of high cadence UV measurements and imaging for this 
study requires the use of a specialized TRACE observing sequence which forgoes the 
typical TRACE EUV observations in favor of continual UV 1600A observations. The 
Flarewatchl600 program is specifically intended to observe flares at 1600 A at high 
cadence to focus on chromospheric signatures. The program works in two stages. 
During the pre-flare observations of a potential flaring region, TRACE images a 
384"x384" field of view at an approximate 4 second cadence. Approximately once 
per minute in this mode, TRACE takes a single white light frame of the same field of 
view for a context images. When the count rate passes a flare threshold, the TRACE 
field of view reduces to 256"x256" centered on the brightest pixel. Once in flare mode, 
TRACE images only at 1600A and no longer includes the white light context unless 
flare mode remains in effect from more than half an hour. 
3.2.3 RHESSI and TRACE Lightcurves 
As a critical step in our temporal analysis, we construct lightcurves for both the 
hard X-ray and UV emission for each flare. Figure 3.4 shows the full-resolution 
HXR profile from 25-100 keV RHESSI data for 6 December 2006 X6.5 event. The 
profile shows transient hard X-ray burst signatures superimposed on the larger scale 
emission. Aschwanden et al. (1996) have shown that these smaller scale transients 
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are the result of a series of electron injections while the large scale featur&s represent 
a trapped, then precipitated, particle population. The large scale bursts serve as 
RHESSI Count Rates 
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Figure 3.4 Example RHESSI hard X-ray lightcurve from RHESSI flare 6120608 shown 
at 0.1 second resolution. 
the basis for our comparison between the UV and hard X-ray emission for both the 
complete spatially-integrated TRACE field of view and the signatures of individual 
sources. The spatially integrated emission treats the TRACE emission as if the field-
of-view is not imaged, therefore, ignoring localized structures. The RHESSI emission 
Time Res.: 0.100 s 
Detectors: 1F 3F 4F 5F 6F 8F 9F 
— 25.0 - 100.0 keV 
RHESSI 25 -100 keV and TRACE 1600A lightcurves 
10:14 10:15 1QM6 10:17 10:18 10:19 
Slott Time ( 2 1 - J o n - 0 5 10:13:08) 
Figure 3.5 RHESSI and TRACE lightcurve comparison for 21 January 2005 M1.7 event. 
TRACE profile shown in blue. 
used at high-cadence is spatially integrated for the full disk; however, localized sources 
of flare emission will dominate. We use the spatially-integrated data to match the 
cadence of TRACE as the imaged HXR data cannot achieve this cadence. 
Comparison of the UV and hard X-ray time profiles requires the lightcurves to be 
of similar temporal cadence both for the full-field and individual source analysis. To 
achieve this, the hard X-ray data are binned to a 2-second cadence. In these curves 
the small-scale variance seen at full-resolution of the initial curves are to an great 
extent eliminated due to smoothing effects. However, the large scale bursts similar 
to those visible in the UV full field lightcurves remain clear (see Figure 3.5). For the 
correlation analysis with the UV, the 2s HXR data which correspond to TRACE image 
times are then used as a comparative dataset with the TRACE full-field observations. 
'•rvd V l ; 
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UV Source Selection 
The analysis of the individual source data begins with the source selection per-
formed through the viewing of the TRACE observation sequence for the flare duration. 
We determine specific kernels which demonstrate clear enhancement during the time 
frame, using an image near the peak of both UV and HXR emission for the source 
selection. To select the sources in the study we have employed two distinct methods 
as our study has progressed. Initially, for our case study of a 16 July 2002 flare dis-
cussed in Alexander and Coyner (2006) and in Section 4.1.2, our sources are selected 
by visual inspection of spatially distinguishable kernels. The sources were enclosed 
in rectangular boxes based on user selected box corners. Figure 3.6 illustrates the 
selection of the six UV sources used in the C 6.5 flare event on 16 July 2002. Within 
the boxes, our algorithm totals the fluxes of those pixels above the image background 
levels. The flux values are then averaged to a flux per pixel value for each of the 
sources. 
This method of source selection, while effective in determining the temporal char-
acteristics of the UV source was improved upon for the latter results in our UV/HXR 
relationship study, discussed later in Section 4.2. The modifications made addressed 
two key issues in the initial source selection procedure: 
1. Our box method of selection, while it encloses the emission enhancement, en-
compasses a larger area than the actual enhanced source. 
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Figure 3.6 Example TRACE image from the 16 July 2002 event analysis of Alexander 
and Coyner (2006) used to illustrate initial source selection techniques used in the determi-
nation of the UV lightcurve for individual kernels observed in TRACE. 
2. These rectangular selection regions, though selected to minimize overlap, did in 
fact do so in the 16 July 2002 event analysis, though there was not significant 
flux in the overlap region. 
To improve the source selection method, the box method was replaced by a series 
of user-defined polygons using the IDL wdefroi.pro procedure within the lightcurve 
calculation. In each case, the polygons allowed us to refine the area so it more closely 
followed the borders of the enhanced emission kernel. Since the kernels are no longer 
restricted to a specific shape this also allows the prevention of source overlap which 
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will prevent contamination between source emission. 
In both cases for this study, the calculated average flux per pixel of each source 
for each frame provides a clear representation of the temporal evolution of the UV 
response and provides a basis for correlation studies with the overall HXR emission. 
We are limited for high cadence studies to the overall, non-imaged hard X-ray emission 
due to the integration time limitations created by the HXR image reconstructions. 
The spatial locations of the emission enhancements provide key comparative data for 
the UV-HXR spatial relationship and potential visual constraints for the topology of 
the flare as chromospheric sources have been shown to lie along the boundaries of 
magnetic separatrix surfaces at their intersection with the chromosphere. 
3.2.4 TRACE and SOHO/MDI Image Co-alignment 
In order to facilitate spatial comparison of the UV and hard X-ray source locations, 
The TRACE pointing must be adjusted to account for the metering tube of the 
spacecraft undergoing minor flexes which are not accounted for in the raw positioning 
information provided by the satellite. The TRACE pointing has been shown to be 
in error by 5-12 arcseconds. Because there are no other observations in the UV 
continuum available, we must compare the TRACE white light context images and 
the MDI white light full-disk intensitygrams. Providing a set of comparable images 
with well defined pointing, the MDI images provide a means of co-aligning the TRACE 
images. The pairs of white light images show similar structures, (e.g. sunspot groups) 
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at different resolutions. Comparative images between the TRACE and MDI data are 
displayed in Figure 3.7. In both images there exist common sunspot structures and 
other features which are used as user-selected starting points for the co-alignment 
procedure. 
Figure 3.7 Comparative MDI white light image, showing specifically the sub-field of 
the TRACE field, and TRACE white light images for the 16 July 2002 event. 
Co-alignment of TRACE and MDI images is performed through the IDL-based 
Solarsoft suite of software with the tracejndLalign procedure. The procedure takes 
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the data for both datasets as indices, containing the fits header information for the ob-
served data files, and the data cubes, which contained the images. The trace_mdi_align 
procedure asks for a region of interest in both the TRACE and MDI data. The user 
then selects features within the region that appear in both data sets. These selected 
points serve as an initial guess for the co-alignment procedure. For the co-alignment 
process, it is crucial that the images occur at nearby times to minimize effects such 
as solar rotation. For example, the timing separation of the images in the 16 July 
2002 case shown is 15 minutes. The trace_mdi_align procedure takes the initial guess 
derived for the user-selected points and calculates the cross-correlation coefficient be-
tween the two data sets in the region of interest. From the initial correlation, the 
procedure uses an auto_align_images program to continually vary the position and 
stretching of the TRACE overlays until the correlation coefficient reaches a maxi-
mum value. A new image center is recorded based on this final shift. 
The initial alignment of the images for the 16 July 2002 event shows a coordinate 
shift of approximately 4.7 arcseconds (4.5 in the y-direction and 1.0 in the x-direction) 
as depicted in Figure 3.8. The magnitude of the shift is within the range of the events 
in our study. The initial white light alignment is then passed through to the UV 
continuum images via the pointing corrections suggested by Metcalf (2003). 
The corrected white light coordinates must be transferred to the UV image clos-
est in time to the corrected white light reference image, typically 3-4 seconds later 
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Figure 3.8 Before and after image maps for TRACE (pictured) and MDI (contours) 
for the white light image alignment of the 16 Jiily 2002 event. 
due to pre-flare Flarewatchl600 cadence. Once the corrected coordinates have been 
imported into a reference UV image, we use this reference image to align the remain-
ing UV images through the use of the auto_align Jmages procedure for the complete 
set of 1600A observations. The auto_align Jmages procedure employs the same cross-
correlation analysis to execute the alignment for the 1600A images as was applied 
in the white light case. The alignments are then verified through observation of the 
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TRACE movie sequence to verify that no discontinuous jumps occur. The variations 
in the central coordinates of the aligned UV images are displayed in Figure 3.9. The 
alignment results in an average of 3.6 arcseconds with the bulk of the shift being 
vertical. 
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Figure 3.9 Plots of co-aligned XCEN and YCEN coordinate versus image time pre-
sented as a demonstration of the effectiveness of the co-alignment process 
Quantifying the uncertainties in the co-alignment process, we plot the change in 
the XCEN and YCEN coordinates versus image time (see Figure 3.9) where XCEN 
and YCEN are the recorded central coordinates of the TRACE field of view. We 
calculate a standard deviation from our results for the coordinates assuming a normal 
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distribution. We determine an uncertainty in the co-alignment of ± 2 a which for the 
16 July 2002 case gives values of ± 1.14 arcseconds for the pre-flare 384"x384" images 
and ± 1.30 arcseconds for the 256"x256" images. These data must be addressed 
separately due to the systematic position shift resulting when TRACE goes into flare 
mode and centers on the brightest flare emission kernel. These results indicate that 
the co-alignment procedure used is accurate to approximately 1.3", or about 1000km; 
thus our co-alignment procedure is sufficiently capable of correcting the TRACE 
pointing such that notable separations between the UV and hard X-ray sources are 
likely the result of flare-related physics and not the alignment procedure. 
3.3 SEP Study Methodology 
Relating SEP characteristics measured in-situ at with the Advanced Composition 
Explorer (ACE) to the complex characteristics of the eruptive solar source region 
presents a number of unique challenges to incorporate the varied data sets, modelling, 
and numerical analysis. In this section each of these challenges will be addressed in 
detail beginning with the discussion of ACE data. We will also describe in detail our 
application of potential field source surface (PFSS) models to determine the available 
amounts of open field and thus access to the interplanetary space. Open field lines 
are defined by the models as field lines which extend to a radius beyond the solar 
corona. Particles along these lines stream out in a fashion similar to the solar wind 
though often at much higher speeds due to flare acceleration. A final component to 
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our study will be to quantify a measure of flare activity in the respective active regions 
associated with SEP events because remnant flare particles have been suggested as a 
small but significant component of the seed population for acceleration by the CMB-
driven shocks associated with the SEP events. We will then explore the importance 
of the variation in flare activity as it relates to the existence of enhancements in the 
heavy element composition above the traditional coronal values. 
3.3.1 Elemental Flux Data from ACE 
The elemental composition of SEP events was long believed to be a distinction be-
tween shock-accelerated gradual events and the small flare-associated impulsive events 
with the impulsive events showing enhanced abundances in Fe and other heavy el-
ements along with 3He. Recent ACE observations have shown that gradual events 
can often show these elemental enhancements as well based on the contributions of 
remnant flare particles to accelerated particle seed population (Mason et al., 2004). 
Further insight into the seed population for specific gradual SEP events requires 
comparison with the compositional measurements at ACE to determine if these en-
hancements are present. 
The data used for this portion of our solar transient study is largely from two 
instruments aboard ACE: ULEIS (Desai et al., 2006) and SIS (Tylka et al, 2005, 2006; 
Cane et al, 2006). The compositional data used in our analysis is taken from the three 
studies cited above. All three studies choose SEP events which are determined to be 
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large SEP events based on the observed proton fluxes. For the events selected, time 
ranges are determined to limit the observed particles to those associated specifically 
with the SEP. For our study with ULEIS data we take the observations presented by 
Desai et al (2006) for heavy element ratios based upon the oxygen fluence measured 
for 0.32 0.45 MeV/nuc. Fluences for each element are totaled over the time frames 
selected for each event. Like the oxygen fluence, the other heavy element fluences 
cover the energy range 0.32 0.45 MeV/nuc. This allows for the direct comparison of 
of elemental composition without having to take into account energy variations. The 
total fluence for each element is measured and the ratios with oxygen that we use for 
compositional measurement are provided in Table 2 of Desai et al. (2006). 
For the data from the respective Tylka and Cane studies (Tylka et al., 2005; Cane 
et al., 2006) the fluences, for iron in particular, are calculated, though each study 
uses a different energy range, the Tylka study focusing on 30-40 MeV/nuc while the 
Cane study extends the energy range to 25-80 MeV/nuc. In both of these cases the 
event fluences of iron are totaled over the time frames of each event which vary in 
duration but are designed to include only the SEP particles. These fluences are then 
normalized to the fluence measured for oxygen at these same energies. This ratio is 
then normalized again to the nominal coronal Fe/O ratio of 0.134 (Reames, 1995). 
This ratio of ratios is created such that event with enhanced Fe/O will show a ratio 
above 1. These events likely posses re-accelerated flare suprathermal particles whereas 
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those with ratios below 1 likely consist of typical coronal particles. The description 
of gradual events with seemingly flare associated enhancements is a subject of much 
theoretical debate within the energetic particle research community (Cohen, 2006; 
Cane et al. 2006; Tylka et al. 2005). For our work, these compositional measure-
ments provide a link from the solar magnetic field configurations and flare activity 
measures to the nature of the particles accelerated from the Sun. Enhancements in 
heavy elements would indicate high energy flare particles but the mechanism for how 
these particles enter the accelerated particle population from solar activity remains 
ambiguous. 
3.3.2 Solar Source Region Magnetic Field Characterization Via PFSS 
A key process in our characterization of the solar precursor environment consists 
of the determination of the solar coronal magnetic fields both prior to and during 
the SEP associated eruption. Determining the connectivity within the solar coronal 
field is of key importance to the characterization of the solar source region environ-
ment. The magnetic field can be connected via both open and closed field. Open field 
regions are regions where the coronal field extends far beyond the local solar environ-
ment providing a direct connection to the heliosphere and interplanetary space for 
accelerated particles from solar eruptions. These regions are eventually closed some-
where in interplanetary space to maintain the divergence free condition (V • D = 0). 
Closed field is defined as the collection of magnetic field structures, often loop-like 
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in nature, which have both magnetic footpoints on the solar surface. The closed 
field regions are ideal configurations for magnetic traps that can potentially contain 
previously accelerated particles such as flare suprathermals. 
Determining the magnetic field configuration in the solar orona is a significant 
challenge as coronal fields are not measurable; therefore, we must rely on extrap-
olations from the magnetic field line of sight observations at the photosphere. We 
then perform extrapolations from the photosphere using a PFSS model (Shrijver and 
DeRosa, 2003). PFSS models assume the coronal field to be potential, or current-free, 
such that: 
V x B = 0 (3.1) 
in accordance with Maxwell's equations. The PFSS model uses a source surface 
defined at 2.5 solar radii as the boundary between the solar corona and interplanetary 
space (Luhmann et al., 1998; Hoeksema, 1995; Zhao and Hoeksema, 1996). This 
source surface is a mathematical construct to mimic the effects of the solar wind 
by creating a fully radial field at the boundary. Beyond this source surface the 
field will follow the standard Parker spiral through the heliosphere. The specifics 
of the PFSS model we used are discussed by Schrijver and DeRosa (2003). The 
initial inputs at the photosphere taken from the MDI synoptic maps derived from 
magnetogram observations and flux evolution models to create a full map of plausible 
magnetic data for the entire solar surface. Using these value as a starting point the 
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pfss.viewer Solarsoft routine the traces a user defined number of field lines in the 
process of extrapolating the field out to the source surface at 2.5 solar radii. These 
field lines traces help distinguish regions of closed and open field. Open flux regions 
are enclosed by field where the line traces are anchored to the photosphere only a one 
end and extend beyond the source surface at 2.5 solar radii. The open field regions 
distinguished in pink and green visually as shown in Figure 3.10 taken from Liu et 
al. (2004). Close field loops, on the other hand, form in many locations around the 
active region where closed magnetic structures such as loop arcades are prevalent. 
These loops serve as potential traps for energetic particles though most of the loops 
are contained in the low corona. 
For our study, we focus on PFSS extrapolations for the specific active region re-
sponsible for the source eruption rather than on the global field. These extrapolations 
assume a potential, or current-free, coronal field building from the photospheric mea-
surements of the active region field from MDI up to a height of 2.5 solar radii. We 
perform extrapolations of 400 field lines in the active region of interest. An example 
of this localized extrapolation is shown in 3.11. This image from 18 April 2002 shows 
a significant region of open magnetic field within the active region which provides 
direct access from the acceleration of particles into the heliosphere. Within the data 
collected in the model calculations, there are four separate maps of magnetic field dis-
tribution information. One shows the locations of the open field region, distinguishing 
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Figure 3.10 Global PFSS extrapolation from 18 April 2002 showing the developing 
field configuration prior to a large SEP event of 21 April 2002. Figure taken from Liu et al., 
2004. Pink and green field lines are representative of open field regions of opposite polarity. 
open field lines locations by non-zero pixel flags. The other three sets of data are the 
radial, theta, and phi components of the extrapolated field at heights in the corona 
up to the source surface boundary. Using the map of open field boundaries, we are 
able to calculate the magnetic flux passing through the open field region providing a 
quantitative measure of the open field component of the coronal field 
3.3.3 Flare Product iv i ty 
In addition to the magnetic configuration, one key distinction among the solar 
source active regions associated with SEPs is the flare and CME productivity of the 
Figure 3.11 Example of localized active region PFSS extrapolation for an 18 April 
2002 image. The large region of open field shown in pink provides significant access for 
accelerating particles into interplanetary space. 
solar source active region. Flare productivity provides a second method of classify 
the solar source characteristics in addition to magnetic connectivity and complexity 
because the active regions with the greatest magnetic complexity generally are the 
most flare productive. Flare suprathermals are a critical component of the SEP 
seed population, contributing significantly to the observed composition enhancements; 
therefore, flare productivity of an active region may have direct implications on the 
available particles in the subsequent SEP events. 
To quantify this we modify a measure of flare productivity known as the flare 
index shown in Equation 3.2 (Abramenko, 2005). 
A = (100S* + 10SM + 1.05c + 0.1SB)/T (3.2) 
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In the flare index equation we take into account the logarithm scale of the flare 
classification system. The respective S-values are the nominal totals for the sum of 
flares in a given flare class where a C 3.0 adds 3 to the S c total. The lifetime, r, 
was initially the number of days the active region was on the disk. However, since 
future events would not be included in a potential event seed population, we limit 
r to the time frame from the active region's first appearance until the event onset. 
The calculation yields that the most productive active regions would have the highest 
flare indices. In our analysis we use two versions of the modified calculation. The first 
takes into account the flare productivity of only the active region in question from 
first appearance to time of event. The second version takes into account possible flare 
particles from neighboring regions by including all the observed flares over the time 
range in question. 
To this point, we have focused on the background and methodology used in our 
study. The chapters that follow will progress through the data analysis and results 
for the various components of the study: UV/HXR results in Chapter 4, discussion of 
our magnetic topology study incorporating the analysis of separators and hard X-ray 
distributions in Chapter 5, SEP study results are included in Chapter 6. 
Chapter 4 
Relationships between Hard X-ray and Ultraviolet 
Emission in Solar Flares 
Solar flares, while intriguing on the surface due to their bright expansive explosions 
and the tremendous energy they release over such short time scales, are of tremendous 
interest scientifically due to the complexity of the flare response over the full range of 
the electromagnetic spectrum and the wide array of physical processes involved in the 
generation of flare emission. The exact nature of the physical processes involved and 
to what degree they combine and interact are not clearly understood. These aspects 
are all critical to a full understanding of the physical nature of the flaring process. 
Observations across multiple wavelengths provide a diagnostic mechanism for the 
particles and processes involved by permitting the comparison and interpretation of 
disparate emission signatures. Such observations also facilitate a direct link to both 
the flare trigger and the general physical development of the flare in its entirety: both 
crucial physical considerations necessary for a complete understanding of solar flares 
and their effects on the Sun and the heliosphere. 
One key observational relationship which can be directly related to the energy 
trigger and the associated particle acceleration processes is the temporal and spatial 
comparison of ultraviolet and hard X-ray emission. To this end, the study presented 
here addresses the UV/hard X-ray relationship utilizing high spatial and temporal 
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resolution data from the TRACE (UV) and RHESSI (hard X-ray) satellites. Initially, 
we analyze the temporal and spatial development of 8 events from 2002-2004 observed 
over the full duration of the flare at hard X-ray energies, using RHESSI (see Section 
3.1.2) and high-cadence (approximately 2 seconds), high spatial resolution (~ 1 arc-
second) UV data, using the TRACE satellite (see Section 3.1.1). The events of the 
initial study cover a range of importance class from C3.5 X2.5 in GOES soft X-ray 
intensity (see Section 1.1.1). We begin by presenting a case study of a C 6.5 flare 
event from 16 July 2002. This flare is a smaller magnitude more spatially-confined 
two-ribbon flare in comparison to others in our study; however, its temporal and 
spatial development still possesses more complexity than would be typically expected 
for a weaker flare, providing important insight into the UV/HXR relationship, and 
the significant role of the magnetic environment in which the flare occurs. 
We analyze the UV development of the flare both as an unresolved event to com-
pare with previous studies which lacked spatially-resolved hard X-ray data, and on 
the scale of localized UV source evolution utilizing the full resolution of the TRACE 
telescope. The UV data in both cases are directly compared to the temporal evolu-
tion of the spatially-integrated hard X-ray (25-100 keV) emission seen from RHESSI. 
This comparison for correlated UV and hard X-ray emission is critical, as discussed 
by Cheng et al. (1998) and in Section 2.1.1, because it provides and observational 
means of tracing both the UV and the hard X-ray emission to the same flare energy 
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release. The improved imaging capability of RHESSI is the means for determining 
the spatial distribution of the flare hard X-ray emission and its evolution over time. 
As was discussed in Chapter 3, X-ray imaging greatly limits the temporal resolu-
tion of the spatially distributed hard X-ray emission as the integration time required 
to create an X-ray image is typically several times the cadence of the TRACE UV 
data. In the spatial analysis, we compare the locations and evolution of the sources 
of localized emission in both wavelengths to determine the spatial structure of the 
flare and what the observed distribution of UV and HXR intensity enhancements tell 
us about the physical processes leading to the observed distributions. Each of the 
emission kernels provides direct information on the likely sites of the strongest en-
ergy dissipation and particle acceleration. When combined with the temporal results, 
the spatially-resolved observations provide substantial insight into the flare initia-
tion, development, and the magnetic environment in which it occurs. Comparisons 
of simultaneous spatially-resolved emission permit the determination of any spatial 
separation between temporally correlated UV and HXR sources. In combination with 
the temporal correlations, the spatial separations of correlated UV and HXR emission 
provide observational limits on the emission mechanisms and help to clarify the mag-
netic structure of the flaring region. The observed separations indicate the need for 
a more complex magnetic topology for flares than is depicted in the models such as 
the CSHKP model (Figure 1.6) or the Kane-Donnelly-Frost model, first discussed in 
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Section 2.1.1 . Additional soft X-ray imaging from RHESSI and magnetogram data 
from SOHO/MDI permit the further topological investigation of the overall X-ray 
structure and coronal magnetic field structures that may be potentially responsible 
for the observed flare emissions. 
Moreover, as the flares evolve, the emission enhancements appear in different 
locations implying variations in the connectivities. The next section details the results 
of our analysis for the 16 July 2002 flare, also discussed in Alexander and Coyner 
(2006). This flare provides a detailed case study of the variation in the temporal 
and spatial relationship between the UV and HXR emission throughout the flare 
evolution and also serves as a basis for comparison with more intense and complex 
events, studied later in this chapter. 
4.1 The 16 July 2002 Event Overview 
The 16 July 2002 C 6.5 flare peaks in the soft X-rays at 06:42 UT. The GOES soft 
X-ray profile of the event illustrates the overall temporal behavior of the flare, tracing 
the thermal emission of the hottest flare plasma (see bottom of Figure 4.1). While the 
soft X-ray profile allows us to quickly compare the general characteristics of different 
flares, only the hard X-ray timing is critical for our study. The RHESSI profile for 
the 25-100 keV energy range (shown in Figure 4.1 at both full and binned resolutions 
(Top) ) shows a single large scale burst of approximately 4 minutes duration. The 
single burst contains a number of smaller scale events on the time scales of tenths 
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of seconds. These small scale events group together as a series of secondary bursts 
when the data is smoothed to match the 2s cadence of the UV data. The hard X-ray 
emission shows a steep rise signifying the impulsive phase of the event reaching its 
peak at ~06:40:25 UT, approximately one minute after the hard X-ray initiation. 
This peak is followed by a consistent decay until 06:43:00 UT. Within this overall 
behavior we see a smaller burst structure with two primary bursts evident: one from 
06:39:30 06:40:10, with a peak at 06:40:00 UT, and the subsequent burst beginning 
at 06:40:10 until 06:40:40. Each of these bursts exhibits further sub-structure down 
to the 0.1 second resolution shown, consistent with the repeat and bursty injection 
of particles discussed by Aschwanden (1998). 
The overall UV time profile, obtained from the spatial integration over the full 
TRACE field of view, depicts a multi-burst structure showing a strong similarity to 
the HXR evolution as expected from previous works (e.g. Cheng et al, 1988; also 
see Figure 4.2 for the UV profile.). Much like its HXR counterpart, two bursts are 
evident in the UV profile over the time range 06:39:30 06:41:00. Two considerably 
smaller bursts are also evident during the following sixty seconds, after the hard X-ray 
emission has essentially fallen off. The two bursts that occur during the impulsive 
phase show similar characteristics to those seen in the hard X-ray emission. We will 
quantify these observations through cross-correlation analysis for both the full field 
of view, the individual ribbons, and selected individual sources in Section 4.1.1. 
93 
2.5x10" 
2.0x10" 
7 1.5x10* 
8 1.0x10" 
5.0x103 
1E-3 
1E-9 
06:40 06:41 06:42 
Start Time (16-Jul-02 06:39:10) 
GOES 8 X-Rays: 
06:00 07:00 08:00 
Start Time ( 1 6 - J u l - 0 2 05:00:00) 
09:00 
Figure 4.1 Top: RHESSI hard X-ray lightcurve for the energy range of 25-100 keV from 
flare 2071611 shown at 0.1 second and 2s (binned) resolution for the time range 06:39:10-
06:43:10. Bottom: GOES soft X-ray plot used for flare classification and general X-ray 
context of the event 
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Figure 4.2 Lightcurve showing the temporal evolution of the TRACE 1600A data: the 
emission has been integrated over the whole field of view. A number of clear burst structures 
are visible. 
Spatially, the 16 July 2002 event shows a flaring region exhibiting a standard two 
ribbon morphology with the two ribbons being separated by about 70,000 km, on 
average. Over the course of the flare, these ribbons develop sporadic, isolated UV 
enhancements. The top ribbon shows emission enhancements contained in four main 
segments along that ribbon over an area of 85"x45". Throughout the temporal evolu-
tion of the flare, these emission enhancements vary widely in location and appearance. 
In direct contrast, the lower ribbon is much more compact and remains consistent 
in spatial extent for the duration of the flare; however, there are significant varia-
tions in intensity from the two end segments of this ribbon as the flare evolves. The 
western endpoint shows notable brightening prior to and following the hard X-ray 
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TRACE integrated lightcurve 
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activity with little appreciable activity seen during the hard X-ray impulsive phase. 
The majority of the UV activity in the lower ribbon during the hard X-ray emission 
is concentrated near the left (eastern) endpoint. A sequence of TRACE UV images 
illustrating the evolution of the UV ribbons is displayed in Figure 4.3. The image 
sequence clearly indicates significant evolution of the UV emission in the top ribbon 
as the flare progresses while the the lower ribbon remains nearly identical in spatial 
extent throughout the duration of the flare. 
In contrast to the extended and widely varying evolution of the UV signatures for 
this event, the hard X-ray counterparts, in the 25-100 keV energy range, are much 
more strongly confined. The strongest of the HXR sources appear fixed throughout 
the duration of the flares into a 20"xl0" subregion of the solar surface, centered on 
the eastern end of the lower UV ribbon. This X-ray complex shows a single source 
for the most part during the evolution, though at various times the intense complex 
separates into two tightly confined footpoints providing the anchor points for a well-
defined hard X-ray loop. Meanwhile, a region near the expansive upper UV ribbon 
shows a very weak but detectable hard X-ray emission source (see Figure 4.4). This 
source is not co-spatial with the ultraviolet enhancements and will be addressed later 
in this chapter. 
The RHESSI images in this study are constructed using 10-20 second reconstruc-
tion times to allow for significant enough photon counts for the image reconstruction 
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Figure 4.3 TRACE UV image sequence illustrating the evolution of the UV ribbons 
over time. Note that the lower ribbon is very well denned throughout while the upper 
ribbon shows significant variation. 
algorithm to converge. A sample image of the flaring region showing the spatial devel-
opment in both wavelengths near the flare peak is shown in Figure 4.4 with the image 
itself being generated from a 20-second reconstruction using the PIXON algorithm 
(see Section 3.1.2) and the overlaid contours detailing where the UV enhancements 
are in relation to the reconstructed X-ray sources. 
97 
| • • ; . . . r . , , . Y . . , t . - . T , - . - . T l 1 i T , 
0.0020 0.011 0.027 O.03S 0.052 0.001-
RHESSI RHESSI 16-Jul-2002 06:40:20.000 UT 
300 -
0 20 40 
X (arcsecs) 
Figure 4.4 RHESSI Pixon image covering the 25-100 keV energy range with 20s 
time resolution for the time frame 06:40:20-06:40:40. RHESSI values (photons cm - 2 s _ 1 
arcsec-2) and gray scale key are shown above the figure. The contours show the TRACE 
UV ribbon locations. 
4.1.1 Temporal Analysis of the 2002 July 16 Case S tudy 
With the general behavior of the event in both wavelengths described above, we 
address now the specific details of the results from the temporal analysis of the flare 
for both the full field of view and the individual localized source cases. The generally 
impulsive and bursty nature of both the UV and HXR emission are qualitatively sug-
gestive of a temporal relationship similar to that reported by Cheng et al. (1988). To 
quantify these results we perform a linear cross-correlation analysis to determine the 
nature of the temporal and spatial relationships between the UV and HXR emission 
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when treating the flare as a single spatially-integrated source and the more complex 
spatial and temporal relationships when treating the flares as comprised of localized 
UV emission kernels. 
Full-Field Temporal Analysis 
To quantify this relationship we perform a correlation analysis and calculate the 
linear correlation coefficient for the whole HXR burst time frame and independently 
for the two large-scale HXR sub-bursts discussed above. The results of these calcula-
tions are provided in Table 4.1. Within this analysis, we have removed a data point 
Time, range (UT) 
06:39:00-06:41:30 
Number of Points 
66 
Correlation Coefficient(ri) \ Confidence Level 
0.817 j 0.99 
Confidence Interval 
0.677-0.900 
Individual Burst Correlations 
06:39:30-06:40:10 
06:40:10-06:40:40 
17 
16 
0.848 1 0.99 
-0.128 J 0.90 
0.508-0.959 
-0.514-0.301 
Table 4.1 Full-field correlation and statistical confidence results for the analysis of the 
16 July 2002 event. 
corresponding to a RHESSI instrumental attenuator change near 06:39:10. This is 
standard procedure as this data point produced an anomalous single point spike in 
the X-ray data, and was removed specifically to ensure that instrumental effects can-
not skew the correlation results. The datasets show a strong overall correlation with 
a linear coefficient over the time frame 06:39:00 06:41:30 of r=0.817 for the burst 
activity as a whole. The linear correlation used is consistent with previous results 
(Cheng et al., 1988) and is further substantiated by the scatter plot comparison of the 
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full field data (Figure 4.5). While the data show a linear trend consistent with the 
measured correlation coefficient, a significant amount of scatter is present. To clarify 
this, we identify the points with greater than 2<r residuals from the best linear fit as 
filled triangles. While these large residual points influence the best fit and correlation 
results, their effects cannot be excluded as they arise naturally within the data as 
opposed to the instrumental effects such as the attenuator change. 
Scatter Plot 06:39:00 — 06:41:30 
0.0 0.2 0.4 0.6 0.8 1.0 
Normalized RHESSI countrates 
Figure 4.5 Scatter plot of TRACE normalized countrates vs. RHESSI normalized 
countrates illustrating the linear correlation determined for the full field of view data. Filled 
triangle symbols indicate 2<r scatter from the best fit line. 
The time frame selected covers only the large bursts to minimize the effects of 
the low activity wings. This time frame contains 66 UV/HXR flux pairs rendering 
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the measured correlation significant to the 99% level, as determined using critical 
values for the correlation coefficient (Rohlf and Sokal, 1995). For each correlation 
measurement, we determine a confidence interval providing a range of coefficient 
values within which the true correlation must lie for a given significance level. Both 
the confidence levels and the corresponding intervals are given in Table 4.1. 
Source Selection and Individual Source Analysis 
Although the overall flare behavior in both the UV and HXR shows a significant 
temporal correlation, the UV emission demonstrates significant variability in temporal 
evolution within the two visible ribbons. Both ribbons are clearly defined throughout 
the flaring time frame, but the upper ribbon is much larger in spatial extent with its 
evolution appearing more as a loose collection of enhanced kernels rather than a single, 
continuous ribbon. In terms of overall activity, the UV ribbons also show distinct 
differences in their temporal behavior. The upper ribbon displays decidedly more 
activity relative to its lower UV ribbon counterpart: the lower ribbon, at its brightest 
point, is only 53% of the maximum UV source emission. The upper ribbon is the more 
readily associated with the bulk of the hard X-ray activity. The relative strengths and 
spatial locations of the ribbons suggests a clear departure from traditional single-loop 
flare models as the dominant UV ribbon is not directly associated with appreciable 
co-spatial emission. The temporal correlation results for each ribbon confirms the 
dominant association of the upper ribbon with the hard X-ray emission though the 
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correlation seen in these ribbons is weaker than in the full-field case. Correlations for 
the upper and lower UV ribbons separately were 0.780 and 0.576 respectively (see 
Table 4.2). The stronger correlation with the HXR emission and the upper ribbon 
deviates from the co-spatial and co-temporal emission expected for these wavelengths 
in the standard flare picture, as the HXR emission is spatially concentrated on the 
other ribbon. This implies that while the bulk of the UV emission observed can 
be directly correlated in time with the hard X-rays and therefore, traced to the 
same energy release, a more complex UV/HXR relationship is required to explain the 
emission as the individual sources evolve within the ribbon. 
UV Source Time Range Correlation (ri) Conf. Level Conf. Interval Comments 
Upper ribbon 
Complete Ribbon 0(J:39:0(MM>:41:30 
00:39:30-00:40:10 
0.780 
0.775 
0.99 
0.99 
0.617-0.879 
0.330-0.938 
duration of HXR 
1"' HXR hurst 
Individual Sources 
Source 1 
Source 2 
Source 3 
Source 4 
00:38:40-06:39:40 
00:41:30-00:42:30 
06:39:00-06:41:30 
06:39:50-06:40:10 
06:40:10-00:40:30 
06:40:00-00:42:00 
00:39:30-00:40:10 
00:40:10-00:40:30 
00:40:20-06:42:00 
06:40:20-06:40:50 
0.892 
0.191 
0.630 
0.702 
0.461 
0.532 
0.610 
0.722 
0.923 
0.912 
0.99 
0.90 
0.99 
0.95 
0.90 
0.99 
0.99 
0.95 
0.99 
0.99 
0.014-0.973 
-0.257-0.571 
0.394-0.788 
0.21,5-0.909 
-0.082-0.793 
0.254-0.729 
0.019-0.885 
0.215-0.922 
0.846-0.962 
0.677-0.978 
pre-HXR 
post-HXR 
duration of UV Source 2 
1"' HXR hurst 
HXR flare peak 
duration of UV Source 3 
1"' HXR Burst 
HXR Hare peak 
duration of UV Source 4 
Td HXR burst 
Lower ribbon 
Complete Ribbon 00:39:00-00:41:30 
00:39:30-00:40:10 
00:40:10-00:40:40 
0.576 
0.397 
0.570 
0.99 
0.90 
0.95 
0.320-0.754 
-0.020-0.696 
0.104-0.831 
duration of HXR 
1"' HXR burst 
2"d HXR burst 
Indimdual Sourais 
Source 5 
Source 6 
00:39:00-00:41:30 
06:39:40-06:40:10 
06:40:10-06:40:40 
00:38:40-06:39:40 
06:41:30-06:42:30 
0.581 
0.251 
0.452 
0.864 
-0.377 
0.99 
0.90 
0.90 
0.99 
0.95 
0.327-0.757 
-0.23,5-0.630 
0.047-0.792 
0.532-0.965 
-0.641 - -0.033 
duration of UV Source 5 
pre-HXR 
HXR Hare peak 
pre-HXR 
post-HXR 
Table 4.2 Complete ribbon and individual source correlation and statistical confidence 
results 
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Because of the apparent fragmentation of the upper ribbon and the fluctuations 
of the endpoints of the southern ribbon, we choose to investigate the behavior and 
evolution of the individual enhanced kernels within both UV ribbons and determine 
their relationship to the notable X-ray bursts. For the X-ray comparison, we must use 
the spatially unresolved X-ray emission. We cannot compare temporal evolution in 
individual X-ray sources with the individual UV sources because the integration times 
required for the image reconstructions eliminate the ability to perform high-cadence 
analysis. 
Figure 4.6 Reproduction of Figure 3.6 for quick reference to the source identifications 
and spatial locations used in our analysis of the 16 July 2002 event. 
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Figure 4.7 UV emission profiles for the 6 sources discussed each scaled to 0.6 of nor-
malized count rates (thick curves) and plotted against the normalized HXR profile (thin 
curve). All UV profiles shown are scaled to a common maximum. 
Figure 4.6, illustrates the selected enhanced UV kernels used in this portion of 
the analysis. We separate the northern ribbon into four main kernels each of which 
displays enhanced emission over the course of the ribbon evolution. Initially, these 
sources brighten in a progression from the the northern and western end (Box 1) to 
the southern and eastern end (Box 4). While the boxes for sources 2 and 3 do no-
ticeably overlap, visual inspection of the TRACE images confirms that the two areas 
enclose predominantly separate brightenings. For each of the UV sources identified 
we calculate the integrated UV emission and perform a correlation analysis over the 
respective times when the sources are active. Lightcurves for the individual kernels 
are shown in Figure 4.7. 
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The individual UV kernels exhibit a number of interesting developments. Source 
1, in the northwest corner of the ribbon, brightens during two distinct periods. The 
initial brightening occurs early in the impulsive rise of the HXR emission; however, 
this initial brightening dims prior to the onset of the first strong HXR burst. Source 
1 does not contribute during the bulk of the hard X-ray emission, rising again at ~ 
06:41:20 after both significant HXR bursts have effectively ended. As a consequence, 
Source 1 is largely uncorrelated with the HXR data despite being a significant source 
of UV emission. In contrast, Sources 2 and 3 show their most significant contributions 
during the initial burst of HXR emission. The brightest of these sources, Source 2, 
is the first to activate. As Source 2 reaches its peak, emission begins in earnest in 
region 3. Following the initial burst of HXRs, emission from these two UV sources 
diminishes with no appreciable impulse during the second burst. The UV source 
which appears most prevalently during the second burst of hard X-rays is Source 4 in 
the southern portion of the upper UV ribbon. Source 4 is the strongest UV emission 
recorded overall. 
The southern UV ribbon is dominated by emission in the two endpoints. The west-
ern endpoint (Source 6) shows similar behavior to that of Source 1 as it contributes 
the majority of its emission both prior to and following the hard X-ray emission. 
The lower ribbon's association with the HXR emission appears to be confined to the 
co-spatiality of Source 5 at the eastern end of the lower ribbon to the dominant hard 
105 
X-ray source. The time profile of Source 5 shows similarities to the X-ray behavior 
although the UV peak occurs prior to the two major hard X-ray bursts. For the 
correlation analysis of the individual sources we consider the time frames in which 
each source is clearly active in relation to the HXR emission. The times used can be 
inferred from the profiles shown in Figure 4.7. All correlation results for the individ-
ual sources with respect to both the overall time frame and individual burst behavior 
are included in Table 4.2. 
Source 1 produces, at its peak, only ~20% of the maximum UV emission with emis-
sion occuring from 06:38:40 06:39:40 and then reoccurring from 06:41:30 06:42:30. 
The comparison of the emission from Source 1 with precursor HXR emission shows a 
strong correlation mostly due to low levels of activity. However, the post-burst period 
is consistent with no correlation. Source 2 shows emission over the period 06:39:00 
06:41:30 with the most intense emission occurring between 06:39:50 06:40:30 spanning 
the bulk of the HXR bursts. We focus on the bursts detectable in the X-ray profiles, 
there are multiple active UV sources during each of the X-ray bursts. Source 2, and 
to a lesser extent Source 3, show a correlation with the initial burst while the second 
burst shows correlation with Sources 3 and 4. 
Emission in the lower ribbon during the hard X-ray bursts shows a moderate 
correlation for the duration of the HXR activity which, although weaker than its 
upper ribbon counterpart, is still significant to a 99% level. This ribbon's emission 
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is largely governed by Source 5 at the eastern end of the ribbon. Source 5 shows a 
99% significance level correlation for the duration of the impulsive phase of the flare 
from 06:39:00 06:41:30, though correlations with the smaller bursts with this range 
are not as well defined. 
While these timing results are significant in their own right, for their connection 
to energy release timing (see Section 4.1.3), they gain further importance when taken 
in combination with the spatial distribution results. Our next section will further 
elucidate the important spatial results and the complexities necessary to produce 
them within the 16 July 2002 event. 
4.1.2 Spatial Analysis 
In the previous section, we determined that the temporal evolution of the UV 
and hard X-ray emission were strongly correlated both for the spatially-unresolved 
full field comparison and for the evolution of the ribbons and individual kernels. 
The correlated emission implies that the UV and hard X-ray emission signatures are 
governed by the same energy input mechanism, believed to be magnetic reconnection 
in the solar corona. However, this temporal association is only one important aspect 
in the overall understanding of flare behavior. It is also imperative to determine 
the spatial associations of these temporally correlated emissions if we are to gain 
insight into the structure of the solar magnetic field leading to solar flares, and gain a 
clearer knowledge of the energy distribution throughout the solar atmosphere. Using 
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images from TRACE and image reconstructions from RHESSI, we have been able 
to spatially localize emission sources for both the UV and hard X-ray wavelengths 
over the majority of the flare duration. We concentrate on the spatial distribution of 
emission during periods of greatest activity. 
Using the high cadence of the UV observations provided by the flarewatch program 
(See Section 3.2.2), we track the evolution of the UV emission throughout the periods 
of significant HXR activity. Figure 4.8 presents six UV image maps representing the 
flare development over the course of both impulsive bursts discussed in our temporal 
analysis with the contours of the 25 100 keV hard X-ray emission overlaid covering 
this time period. Each image depicts the hard X-ray contours resulting from 10-second 
integration image reconstruction overlaid atop the TRACE 1600A images from the 
center of the integration interval. The observations show the strongest hard X-ray 
source for this period as a confined source, distinguishable as two separate footpoints 
during the initial X-ray peak, with its centroid near [30", 231"] from disk center. This 
spatial location is nearly co-spatial with UV Source 5 on the lower UV ribbon. In 
contrast, there appears to be no well-defined hard X-ray source with counts above 
10% of the hard X-ray maximum emission corresponding to the upper ribbon. Despite 
this, we cannot rule out low-levels of hard X-rays in this upper ribbon, but the lack of 
emission above the 10 % level indicates that any hard X-ray source within the upper 
ribbon must be much weaker than the source associated with the UV emission in 
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the lower ribbon. From our temporal ribbon analysis, we find that the upper ribbon 
correlated well temporally with the hard X-ray emission yet the hard X-rays appear 
to be spatially associated with the lower ribbon. 
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Figure 4.8 Series of TRACE 1600 A images with contours from the corresponding 
25-100 keV RHESSI images integrated from 06:39:40-06:40:40. The time range covers both 
major HXR bursts discussed. The contours shown represent X-ray emission levels of greater 
than 40 percent of the maximum recorded for each RHESSI image. 
The observations in Figure 4.8 illustrate aspects of the UV evolution resulting from 
the timing study. In the initial image (06:39:46), Source 1 on the northern UV ribbon 
and Source 6 on the western side of the lower ribbon produce significant emission. 
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These two sources fade in comparison to the others during the flare evolution and then 
reappear as the flare emission falls off, consistent with the timing results shown in 
Figure 4.7. As the UV sources of the upper ribbon activate, the emission progresses 
along the ribbon to the south and east. In contrast, the X-ray and lower ribbon 
emissions remain well-confined and generally stationary throughout the time frame 
of greatest activity. As the X-ray counts rise, two localized HXR sources become 
more apparent (see 06:40:05 image in Figure 4.8). This pair of sources act as a set 
of conjugate X-ray footpoints of a tightly confined magnetic loop occupying only a 
20"x20" region near the eastern end of the lower ribbon. On the other hand, the 
UV sources brighten sequentially, consistent with the timing results, along the upper 
ribbon until its maximum brightening in the lower center of the ribbon (Source 4). 
In addition to the UV and HXR emission, we note evidence of a magnetic con-
nection between the temporally correlated HXR and northern ribbon UV sources in 
the form of a loop structure depicted in 6 25 keV X-ray emission (Figure 4.9). This 
elongated loop shows an evident footpoint occurring near the left end of the lower UV 
ribbon, nearly co-spatial with the 25 100 keV X-ray ribbon with the other footpoint 
existing on a weakly emitting extension of the upper UV ribbon. 
From the observations in TRACE and RHESSI, we have constructed an observa-
tional picture of this flare involving two observed interacting X-ray loop structures 
coupled with a complex extended UV ribbon morphology. The X-ray morphology 
110 
-0.00 1.02 2.03 3.05 4.06 5.06 
RHESSI RHESSI 1 6 - J u l - 2 0 0 2 06:40:10.000 UT 
- 4 0 - 2 0 0 20 40 60 80 
X (arcsecs) 
F i g u r e 4.9 Soft X-ray (6-25 keV) image from RHESSI during a 10-second integration 
near the HXR peak emission (06:40:10-06:40:20) shown with the TRACE contours from 
the 06:40:15 image. The SXR sources indicate a soft X-ray loop connecting the two UV 
ribbons. One footpoint of the soft X-ray loop is cospatial with the HXR (25-100 keV) 
emission (shown as yellow contours). 
consists of a compact hard X-ray structure 20" long exhibiting strong footpoints at 
25 100 keV resulting from non thermal bremsstrahlung emission and an elongated 
(50" 70") thermal emission loop seen in softer X-rays linking the two UV ribbons. 
The emission throughout these structure must be governed by the same energy release 
process in order to maintain the temporal correlations observed. 
An overall interpretation of the behavior of this event requires a simultaneous ex-
planation of both the multiple ribbon structures and the temporal relationships. The 
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hard X-ray emission at 25 100 keV (non-thermal) and 6 25 keV ('thermal') together 
with the correlated UV ribbon emission strongly suggests a 3D scenario in which the 
reconnection is driven by the interaction of two or more magnetic flux systems. An 
additional and notable complication is the need to reproduce and explain the evolu-
tion of both UV ribbons with time allowing for the apparent spatial expansion of the 
upper ribbon while maintaining the spatial stability of the X-ray and UV emission 
of the lower ribbon. Since both emissions result from particles accelerating within 
magnetic structures in the flare region, a complex and variable magnetic topology, 
involving both the interactions between the observed loop structures and larger scale 
interactions of independent flux systems within the active region, is required to pro-
duce both the temporal and spatial variability of emission sources throughout the 
flare. A further explanation of this connectivity picture and its implications will be 
addressed in Chapter 4.1.3. 
We have reported both timing correlation results and spatial development analysis 
to explore relationships between UV and hard X-ray emission for a medium sized flare 
occurring on 2002 July 16. The full field of view temporal correlation results verified 
findings previously reported, (Cheng et al., 1988). There were significant variations 
in both the temporal and spatial evolution for the individual sources identified as well 
as for the two composite ribbons. Thase developmental differences suggest a more 
complicated and much more dynamic system is needed to address the chromospheric 
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signatures of this flare than traditional loop-based flare interpretations. In the next 
section, we discuss of the implications of this event and address several contributing 
factors to explain the behavior observed. In addition, we lay the groundwork for our 
subsequent study of larger flares. 
4.1.3 16 July 2002 Physical Interpretation 
The separation of the UV emission into individual sources provides an opportunity 
to perform a more detailed examination of the multiple contributing components 
to the overall temporal behavior. Assuming the respective hard X-ray bursts are 
associated with particle production enhancements from reconnection sites in the solar 
corona, the distribution of the correlated UV emission relative to the isolated hard 
X-ray sources provides an observational diagnostic of the role of and structural nature 
of the magnetic topology in particle production and transport. For the 2002 July 16 
flare, the TRACE observations detail an extended two-ribbon structure with the bulk 
of the UV brightening associated temporally with the hard X-ray bursts lying within 
the upper, or northern ribbon. This ribbon brightens in four spatially separated 
sources which appear in sequence as a progression over time along the ribbon. 
The hard X-ray imaging data displayed a much simpler picture with the hard 
X-ray footpoints confined to a small area situated adjacent to the lower, or southern 
UV ribbon. The strong temporal correlation between the UV sources in the northern 
ribbon and the hard X-ray sources (separated by 50 70 arcseconds or 36,000 50,000 
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km) suggest a more complicated overall picture of solar flares than the single loop 
models of earlier work. Models such as the partial precipitation model (Kane, Don-
nelly, and Frost, 1979) assumed a single loop structure in which the spatial separation 
of the HXR and UV emission was only possible in terms of the assumed atmospheric 
height of the emission. In our case the clear spatial separation on the solar disk 
along with the localized hard X-ray emission and extended UV emission imply the 
need for a complex multi-component magnetic structure. Such magnetic complexity 
is a key aspect in the understanding of coronal mass ejections, the largest of which 
are often accompanied by large flares. Several models involve multipolar magnetic 
configurations to provide the initial conditions for eruptions to occur (e.g. Antiochos, 
1998). 
From the observations in TRACE and RHESSI, we have determined an observa-
tional picture of this flare involving two observed X-ray loop structures coupled to a 
more complex extended UV ribbon morphology. The X-ray morphology consists of a 
compact structure 20" long exhibiting strong footpoints at 25 100 keV and an elon-
gated (50" 70") loop evident at 6 25 keV: the latter connecting the two UV ribbons. 
The emission throughout this structure must be governed by the same energy release 
process in order to maintain the temporal relationships observed. How this energy 
release process relates to the magnetic topology is a crucial question in understanding 
the timing signature we observe. 
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An overall interpretation of the behavior of this event requires a simultaneous 
explanation of both the multiple ribbon structures and the temporal relationships. 
The hard X-ray emission at 25 100 keV (non-thermal) and 6 25 keV ('thermal') 
together with the correlated UV ribbon emission strongly suggests a 3D scenario in 
which the reconnection is driven by the interaction of two or more magnetic flux 
systems. This overall structure is defined by the interaction along separators at 
the boundary of these flux systems or separatrices. The global structure is defined 
through the interaction of these larger temporally evolving systems, while a secondary 
component within the structure is the interaction between observed loops, like those 
seen in both energy ranges considered. We expound upon these components to provide 
a base for understanding the topological development of solar flares. 
Role of Separatrix Surfaces 
Our observation of the 16 July 2002 event provides significant evidence for a com-
plex magnetic reconnection picture governing the overall flare emission. A plausible 
means of generating this implied complexity is the interaction of two, or more, separa-
trix surfaces via one or more common separators or QSLs (discussed earlier in Section 
2.2.2). In this interpretation, the chromospheric signatures arise from reconnection 
at the separator and vary over time as the flux systems evolve. The evidence for this 
scenario is based both on the emission distributions of chromospheric sources and on 
the magnetic development of the active region responsible for the flare. Magnetically, 
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the time sequence of the MDI magnetograms shown in Figure 4.10 indicate the ongo-
ing evolution of a strong emerging flux system, denoted S1N1, in the vicinity of the 
observed flare emissions. The interaction of this system with the pre-existing field is 
driven by continued flux emergence in the active region. As the system evolves with 
time, it drives temporal variations in the location and behavior of the separator(s). In 
this scenario, the spatial and temporal evolution of the UV ribbons are a consequence 
of the changing connectivity of magnetic field lines, across the separatrix surfaces, to 
the reconnection site. 
The emission-based evidence arises from the observed evolution of the UV en-
hanced sources of the upper ribbon, brightening as a progression down the ribbon 
as the flare evolves. We see this ribbon develop predominately as a series of four 
separate enhanced kernels over the duration of the flare. UV emission originates from 
a number of mechanisms. However, the HXR emission results from the energy de-
position by injected electrons through thick-target bremsstrahlung emission (Brown, 
1971). Since the UV enhancements are temporally correlated, the emission in these 
kernels likely originates from the same energy release and associated accelerated parti-
cle population. Therefore, the individual spatially separated brightenings must result 
from the injection of newly accelerated electrons at the reconnection site. The spatial 
progression of the UV emission in the upper ribbon suggests changing connectivities 
between the reconnection site in the corona and the particle energy deposition sites 
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Figure 4.10 MDI magnetograms depicting the magnetic field evolution from 2002 July 
15 through 2002 July 17 for AR 10030. TRACE 1600 A contours are overlaid on the 
magnetogram for 2002 July 16 to provide the flare ribbon locations with respect to the 
magnetic field configuration. All images are differentially rotated to 06:41:00 on 2002 July 
16. Over the course of the three days shown, we see significant development of the magnetic 
bipole S1N1. We note the continued evolution the new emerging magnetic system (S1N1) 
throughout the period of the flare, presumably driving an interacting with the pre-existing 
magnetic systems. (Alexander and Coyner, 2006) 
in the chromosphere, corresponding to the enhanced kernels. The lowest energy hard 
X-ray emission, 6-25 keV, shows the existence of substantial heating within the vol-
ume of the flaring region enclosing both UV ribbons, which serve as outer boundaries 
for the flare emission in the chromosphere. To illustrate reconnection within a sep-
arator system, we refer to a cartoon depiction from Vlahos (2006) shown in Figure 
4.11. This picture illustrates the interaction of two separatrix systems depicted as 
three-dimensional domes. The two separatrices interact along a separator and give 
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Figure 4.11 3-D depiction of magnetic reconnection along a separator due to the inter-
act of two separatrix systems. Image taken from Vlahos (2006) based on the representation 
by Lau (1993). 
rise to four connectivity region, given el and e3 are positive charges while e2 and e4 
are negative. For the 16 July 2002 flare, we contend that two or more of these separa-
trix domains interact to produce the observed signatures for the global flaring region 
with these interactions of the systems occurring at separators, or QSLs, as defined 
by Equation 2.5. The observed progression of emission would result naturally from 
the evolution of a newly-emerging flux system. As these global connectivities change, 
we observe see the signatures of multiple ribbons, in this case the confined HXR rib-
bon and the longer soft X-ray ribbon, develop and interact as discussed in Section 
4.1.3 providing additional evidence of the dynamical evolution of the separator (s) and 
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the connections within the magnetic volume, i.e. the progression of the reconnection 
along the separator. The more dynamic behavior exhibited by the UV source of the 
upper ribbon is consistent with the scenario described with the reconnection site ex-
pected to be closer to the southern ribbon near the hard X-ray emission based on the 
interaction point of the observed loops. 
A detailed knowledge of the coronal magnetic field in this flaring region is required 
to confirm the hypothesis adopted above. The time sequence of MDI magnetograms 
in Figure 4.10 show the ongoing evolution of a strong emerging flux system, de-
noted S1N1, in the vicinity of the observed flare emissions. This flux system initially 
emerged on 14 July 2002 and gave rise to an X3 flare peaking at 20:08 UT on July 
15 (see Liu et al., 2003). The interaction of this evolving flux system with previously 
existing coronal fields is perpetuated by the continued emergence of new flux. As 
the system develops, it forces the evolution of the separator(s) resulting in a time-
dependent energy release reflected in the observed correlated UV and HXR emission 
signatures. In this scenario, the spatial and temporal evolution of the UV ribbons 
are a direct consequence of the changing magnetic connectivity across the separatrix 
surfaces to the reconnection site in the corona. 
Smaller Scale Loop Interactions 
As the name implies, the loop interaction scenario is a consequence of the interac-
tion of two, or more, magnetic loop structures observed in the flare. Potential causes 
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of these loop interactions include the emergence of a new magnetic bipole into the 
flaring region magnetic system to interact with the existing coronal magnetic field or 
the result of large-scale photospheric motions bringing the observed loop structures 
together and allowing for interactions to take place. The second scenario results be-
cause the magnetic field lines are tied to the photosphere due to the dominance of 
plasma pressure over magnetic prassure in the photosphere. Consequently, the field 
moves with the photospheric plasma. If the loop fields are oriented with oppositely 
directed fields approaching each other, reconnection can occur to change the field 
configuration, releasing energy in the process (Nishio et al, 1997). 
Figure 4.12 Sketch interpretation from Nishio et al. (1997) depicting the loop-loop 
interaction scenario as seen in their study with HXR and microwave emission 
The imaging observations discussed in this chapter suggest that reconnection due 
to the interactions of the two loops is likely. The hard X-ray observations clearly 
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indicate two closely spaced sources co-spatial with the southern ribbon of the 16 July 
2002 event which serve as well-defined footpoints for what we be. Such high-energy 
emission is the result of the interaction of reconnection-accelerated particles with 
the ambient ions in the high-density chromosphere. As a result the X-ray sources 
observed represent the footpoints of a newly energized magnetic loop. The lower 
energy thermally-dominated X-rays (12-25 keV) indicate a pre-existing loop connect-
ing the two UV ribbons (see Figure 4.9) with one footpoint near the higher energy 
sources. This description indicates a scenario similar to that depicted in Figure 4.12. 
This scenario is consistent with the temporal correlation results which indicate that 
the brightest sources in the northern UV ribbon are correlated with the hard X-ray 
emission along with a strong UV source in the southern ribbon near the hard X-
ray structures. The correlation between the UV ribbons indicate a direct connection 
between the ribbon directly leading to a loop-loop interaction picture. 
While this picture can provide a suitable explanation for the bulk of the hard X-
ray sources and the emission from the brighter UV sources. It is unable to explain all 
of the flare-associated ribbon structures or their temporal development. However, the 
loop-loop secenario must be a piece of a larger topological picture which distributes the 
energy from the reconnection site within the interaction region of the loop structures 
throughout the whole system. 
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4.1.4 Conclusions and Extensions for Further Study 
The results presented here have illustrated that even for a small relatively sim-
ple flare, the dynamics of the flaring region are still highly complex. The results we 
present here have shown that the 3D magnetic topology of the active region plays 
a critical role in the development and evolution of the flare, rather than emission 
confined to loop-like magnetic structures. The example of this C6.5 event clearly 
indicates that the simplified 2-D models, like the one shown in Figure 1.6, are in-
sufficient to fully address the observed behavior of the emission. With the results we 
presented here as a foundation, and the preliminary understanding of temporal and 
spatial development in flares, we look to expand and further generalize our results to 
flares of all sizes by investigating a number of larger flares observed under the same 
program. 
4.2 Relationships Between and Evolution of Localized Emis-
sion Sources in Large Flares 
The results presented in the previous sections, emphasize the importance of the 
spatial and temporal development of localized sources within the overall spatial emis-
sion distributions of solar flares. It is commonly anticipated that larger, more intense 
events will demonstrate more complex spatial and temporal development, likely the 
result of increased magnetic complexity and the stronger magnetic energy release. 
Building upon our previous investigation, we now consider the specific evolution of 
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large flares, those of GOES classification M or higher. We have chosen to focus pri-
marily on the localized source relationships because, while the full field results largely 
only confirm the work of Cheng et al (1988), the investigation of the localized emission 
uses the improved resolution available from RHESSI and TRACE to gain insight into 
the interplay of physical mechanisms and varied available particle populations within 
the localized structure in flares. For this study, we have 11 events listed in Table 4.3. 
While each of these events has unique characteristics, there are numerous observed 
traits in common. To illustrate these, we will focus the bulk of this section on the 
analysis of the X 6.5 event from 2006 December 6. Later sections will address specific 
features of other events which have particular implications for timing and topological 
development of these large scale flaring regions. 
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00:38:00-00:45:00 
22:13:00-23:19:00 
10:19:00-10:28:00 
10:12:00-10:21:00 
18:39:00-18:56:00 
20:15:00-20:23:00 
19:00:00-19:10:00 
GOES Class 
M U 
M8.5 
M 1.1 
X2.5 
X1.2 
X2.6 
M 2.7 
M1.7 
X6.5 
M3.5 
M2.0 
Comments 
Spatial separation but temporal correlation throughout flare. 
Largely eo-spatial co-temporal emission. Also Late developing UV sources with no IIXRH 
co-spatial co-temporal correlated emission; UV source* develop late with no IIXRs 
Complex multiple ribbon multiple injei:tion event. 
multiple burst event 
UV Pull FOV profile differs strongly from IIXR; largely eo-spatial emission; limited temporal correlation 
co-spatial co-temporal emission; multiple burst event 
co-spatial co-temporal: multiple bursts in tuning 
.Soft X-ray correlation with some sources; multiple bursts 
.Soft X-ray correlation with some sources 
Table 4.3 Flare events included in the individual source evolution study presented 
here. The X 6.5 event from 06 December 2006 will be a significant portion of the discussion 
contained in this and follow sections though other events of this list will be shown as further 
examples throughout. 
To complete this study, we modified our methodology such that our localized 
sources are defined by a series of user-defined polygons rather than the simple rec-
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tangular boxes described above. These polygons minimize the overlap between our 
selected sources reducing the potential of contamination between the adjacent sources 
while also giving a more accurate representation of the area of the selected enhance-
ment kernels. This is more important in thase larger events where sources of emission 
are more numerous and more closely spaced than the previous event. With this 
modification, we follow the procedures outlined in Section 3.2.3. 
4.2.1 2006 December 6 X 6.5 Flare Overview 
Among the 11 events in our study (Table 4.3) this event is the strong in terms 
of peak soft X-ray emission ( 1-8 A) detected by the GOES satellite. In the low-
energy X-rays, both from observations by GOES and by RHESSI, this event shows a 
long-duration smoothly developing temporal profile lasting approximately one hour 
in 3-12 keV RHESSI observations. It is the larger of two overlapping events, the 
other, an M3.5 event, evident in GOES over a three hour period from 18:00-21:00 
UT. As shown in Figure 4.13, however, the 25-100 keV hard X-rays occur as a series 
of impulsive bursts over 17 minutes from 18:39 18:56 UT, beginning some 10 minutes 
after the onset of soft X-ray emission in GOES. This impulsive emission is dominated 
by a primary burst, spanning 18:41:00 18:46:30, followed by a second more strongly 
peaked burst occurring over the time range 18:46:30 18:48:30. Subsequently, three 
weaker bursts in the hard X-rays occur after 18:49:30, each with RHESSI photon 
counts less than 25 % of the peak of the RHESSI X-ray profile. While there exists 
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only a minimal UV response to the later hard X-ray emission impulses (see Figure 
4.14), there does exist evidence of weaker ultraviolet sources active and correlated 
with the HXR emission during these bursts, implying that locally there is still a UV 
response to the energy release indicated by the HXR bursts; however, this response is 
weak compared to other components of the UV emission and is therefore suppressed 
on the larger spatial scales. We analyze the development of these individual UV 
sources shown in this later phase of the flare. It is worthwhile to note that each of the 
large impulsive bursts identified show significant temporal structure on time scales 
of tenths of seconds (Aschwanden, 1998). However, the limited time resolution of 
TRACE restricts us from considering this fine-scale structure. 
In the UV, we observe that the majority of the enhanced emission sources occur 
along a long, predominately north-south oriented, ribbon. As is common within all 
the events we study here, the ribbon appears to brighten as a group of disjointed en-
hanced emission kernels which we show here as ten distinct UV sources, eight along 
the primary ribbon (Group 1) and two found more to the west and north of the main 
ribbon (Group 2). Many of the Group 1 sources show co-temporal brightening corre-
sponding co-spatially with the hard X-ray emission seen from RHESSI, a departure 
from the spatial separations that dominated the previous event, while the Group 2 
sources (Sources 1 and 2 of Figure 4.15) show significant time delays from the hard 
X-rays and a generally smoother behavior in time than their Group 1 counterparts. 
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Figure 4.13 Observed hard X-ray time profile for the 25-100 keV energy range over the 
time range 18:36-19:00 UT. The bulk of the X=rays seen in this energy are the result of 
several impulsive bursts starting at approximately 18:40 and continuing to approximately 
18:56 UT 
We perform a linear temporal correlation analysis comparing the localized UV source 
emission profiles to the overall HXR emission for each source shown in Figure 4.15. 
The sources were numbered in order of selection generally in a southward progression 
through the field of view. Sources 1 and 2 are located off the main ribbon, defined 
earlier as Group 2. The remainder are ribbon sources included in Group 1. Hereafter 
the sources will be addressed by their source numbers or for collective discussion by 
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Figure 4.14 Figure 1.5 is reproduced here showing the full field of view UV profile 
in direct comparison with the hard X-ray emission profile for the 6 December 2006 X6.5 
event. Note the time range after 18:49:30 UT. We find minimal burst structure within the 
UV profile for this period. 
group. 
4.2.2 6 December 2006 Temporal Analysis 
We compare the evolution of each UV ribbon source with the spatially-integrated 
HXR evolution for both the duration of the flare as a whole and for individual im-
pulses themselves. The correlation results are summarized in Table 4.4. During the 
primary hard X-ray burst, UV sources 3, 5 and 6, comprising much of the main ribbon 
(see Figure 4.15), show statistically significant temporal correlation, providing strong 
evidence connecting the emission signatures to the same coronal trigger event. 
5x10"F 
4x10 
f> 2x10 
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Figure 4.15 TRACE image from near the peak of the initial X-ray bursts with each 
of the 10 sources from the analysis presented here shown. Sources 1 and 2 develop later in 
time the other ribbon sources and are therefore considered Group 2 sources. 
Figure 4.16 shows direct comparisons of the temporal evolution of the spatially-
integrated hard X-ray emission (panel A) and the emission of UV sources 3, 5, and 6 
respectively (panels B, C, and D). We are limited to the spatially-integrated X-ray 
emission due to the integration times required to image the localized X-ray sources, 
typically 10-20 seconds. The strongest temporal correlation for the entire flare as well 
as for the primary burst occurs with UV Source 3, with a correlation coefficient of 
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Time Range 
18:41 
18:41 
18:41 
18:41 
18:41 
18:41 
18:41 
18:41 
18:46 
00-18:56:00 
00-18:56:00 
00-18:56:00 
00-18:56:00 
00-18:46:30 
00-18:46:30 
00-18:46:30 
00-18:46:30 
30-18:48:30 
UV Source 
3 
5 
6 
8 
3 
5 
6 
8 
7 
R coefficient 
0.9225 
0.8673 
0.7698 
0.7817 
0.9420 
0.8488 
0.7549 
0.7677 
0.8295 
Confidence Level 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
Confidence Interval 
0.9024-0.9386 
0.8341-0.8942 
0.7160-0.8145 
0.7303-0.8243 
0.9153-0.9604 
0.7840-0.8953 
0.6573-0.8276 
0.6743-0.8369 
0.6957-0.9077 
Table 4.4 6 December 2006 X 6.5 Event Correlation Results 
0.942 for the initial burst. The three sources shown in Figure 4.16 show both a strong 
UV response to the flare energy release and exhibit a similar impulsive burst pattern 
closely resembling the bursts seen in the HXR emission. These source correlations 
are consistent with the overall correlation picture addressed in previous studies by 
Cheng et al. (1988); however, we must consider the fact that the correlated emission 
is only a component of the UV emission observed within the flare. Additional sources 
of UV flux are seen but they do not share temporal profile characteristics similar to 
those of the hard X-rays. The second major burst from 18:46:30 18:48:30 is directly 
evident in the profiles of two of the weaker UV sources (Sources 7 and 8), although 
the other sources in the main UV ribbon are still clearly emitting. The subsequent 
weaker bursts, seen in the hard X-ray emission after 18:49:30, are not clearly nor 
prominently reflected in the observed full field of view UV emission. This suggests 
that while there still exists a component of correlated, HXR-associated emission, 
this component is no longer as dominant as it was in the earlier impulsive bursts. 
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Figure 4.16 RHESSI 25-100 keV spatially integrated lightcurve (panel A) shown for 
comparison with the TRACE UV lightcurves for Sourcas 3 (panel B), 5 (panel C), and 
6 (panel D). These UV sources show the strongest temporal correlation with the HXR 
response for both the initial HXR burst and the overall profile. 
This leads to the implication that UV emissions associated with other mechanisms, 
such as the interactions with a thermal particle population or bulk chromospheric 
heating, contribute significantly to the correlated emission. The secondary bursts, in 
both wavelengths at later times, will be addressed later in the spatial development 
discussion. It should also be noted that UV emission was present from Sources 4, 9, 
and 10; the emission from these three sources was largely uncorrelated with the HXR 
emission. 
Sources 7 and 8 of the UV ribbon show a clear response from 18:46:30 18:48:30 to 
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the secondary flare impulse. Given the different spatial locations of the hard X-ray 
sources for this burst, it is likely that this impulse results from reconnection occurring 
in a different region of the corona than the primary energy release. These emission 
sources are much weaker than those associated with the first burst with the UV flux 
found in sources 7 and 8 approximately 25 % of the of peak source flux recorded 
during the initial burst. During the second burst, while we see UV emission in both 
sources 7 and 8, only Source 7 shows statistically significant temporal correlation. 
Source 8 shows strong emission but actually precedes the peak of the HXR emission; 
although it shows significant activity no temporal correlation is evident. The southern 
location of these sources follows the southward development of the X-ray emission 
though the development of the hard X-ray is the more prominent development of this 
phase of the flare. This change in the centroid of HXR emission is consistent with 
studies of the two-phase production of a Moreton wave, a flare-associated wave seen 
in chromospheric emission, originating in this flare region (Gilbert et al., 2008). The 
coincidence between the flare location and the origin of two Moreton waves can be 
viewed as observational signatures of a sequence of strong energy releases associated 
with filament activation and the eruption of a powerful CME. The subsequent weak 
X-ray bursts after 18:48:30 are in large part unseen in the UV emission. Only UV 
Source 8 shows any burst-like emission after 18:49:30 despite consistent and strong 
HXR emission visible in the southern regions of a weakened UV ribbon. We perform 
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further analysis of individual UV sources seen during this later portion of the flare 
shown in Figure 4.17. 
Figure 4.17 TRACE image during the latter stages of the flare showing the 5 active UV 
sources seen after 18:49:30 UT shown as Sources 11-15 for easier reference. These source 
selections are used in the discussion of the later X-ray and UV behavior only. 
Of these five sources, only one shows a significant temporal correlation (Source 15) 
with a correlation coefficient of 0.8981 for the time frame 18:51:00 18:56:00 UT. A 
comparison of the HXR time profile with that of Source 15 is presented in Figure 4.18. 
The spatial development of these later sources occurs primarily along the existing UV 
ribbon and does not include a co-spatial UV source development with the intense HXR 
source. 
1x105 
0 
18:40 18:44 18:48 18:52 18:56 
Stort Time (06 -Dec -06 18:38:59) 
Figure 4.18 Comparative time profiles for RHESSI 25-100 keV emission and TRACE 
UV emission for Source 15 as shown in 4.17 
4.2.3 6 December 2006 Spatial Analysis 
In the previous section, we confirmed the existence of a strong temporal cor-
relation between UV sources along the main UV ribbon and the overall spatially-
unresolved HXR emission suggestive that both emissions are governed by the same 
time-dependent flare impulse although with a clear spatial development in the UV; 
however, in order to further clarify the nature of the driving mechanism, we must 
investigate the spatial development of the emission kernels in both wavelengths and 
any relationship between them. We focus here on specific localized sources as we 
follow the evolution of the flare during each of the critical impulses of activity. The 
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high-cadence UV observations allow us to track the UV source evolution throughout 
the duration of the HXR activity; however, in order to produce spatially-resolved 
maps of HXR emission, we require integration times of at least 10 seconds for the 
image reconstructions to remain statistically significant. 
For the main impulse, 18:41:00 18:46:30, the bulk of the UV emission evolves along 
a segmented north-south oriented ribbon approximately 120 arcseconds (87Mm) in 
length. The main ribbon can be divided into northern, central, and southern com-
ponents each possessing significant UV enhancements in the forms of the numbered 
sources discussed previously . The hard X-ray emission (25-100 keV) is concentrated 
into two main sources. The more northern HXR source is fairly localized (covering 
an area approximately 20 x 10 arcseconds-squared) while the southern HXR emission 
region initially appears as a more extended source; however, as the HXR emission in 
this region evolves this source complex becomes resolvable into multiple footpoints. 
The HXR sources are seen to be co-spatial with their UV counterparts particularly 
along the northern and central portions of the main ribbon. Figure 4.19 shows a 
pair of spatial map overlays depicting the evolution of the UV and HXR (25-100 
keV) emissions for a 40 second sequence centered near the peak emission time of the 
primary HXR burst. The northernmost X-ray source is essentially co-spatial with 
UV Source 3 while the southern X-ray emission extends along the central region 
of the flare ribbon, co-spatial with the UV Sources 5 and 6. This spatial analysis 
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Figure 4.19 TRACE and RHESSI map overlays for 40 seconds near the peak of the 
initial HXR burst. HXR data shown 25-100 keV emission with contours corresponding to 
greater than 20 percent of the respective image maxima. 
is consistent with temporal correlation results shown in the previous sections. The 
existence of localized HXR emission co-spatial with the temporally correlated UV 
emission sources is suggestive of emission results in line with models put forth by 
Kane, Donnelly, and Frost (Kane and Donnelly, 1971; Donnelly and Kane, 1978; 
Kane, Frost, and Donnelly, 1979) where both sets of emission result from different 
parts of a single accelerated electron population, which reach different heights in 
the atmosphere based on the particle energy; however, this loop picture is only a 
component of the overall emission. UV brightenings beyond those associated directly 
with the HXR production sites, including the Group 2 sources which brighten with 
significant time delays compared to hard X-ray emission, are seen within the UV 
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data. Also, as this event evolves, we see the development of a strong isolated HXR 
sources clearly separated from the UV emission discussed in greater detail in the next 
section. The combination of these observations imply that the emission picture in 
the standard flare scenario can only account for a portion of the emission observed. 
Spatial separations between correlated emission developing at different times in the 
flare suggest the need for a complex magnetic topology within the flaring region 
which evolves over time. Finally, the development of delayed sources indicate that 
UV emission could plausibly be in response to additional physical processes than sole 
direct injection of non-thermal electrons. 
4.2.4 6 December 2006 as a Multiple-Burst Event 
For five of the large events in this study, we see temporal profiles which show 
multiple impulsive bursts of significant intensity over the course of the hard X-ray 
emission. Of particular interest in these events is the evolution of the HXR source 
emission for each burst relative to both the prior bursts for the event and the corre-
sponding evolving UV emission. One such key example is the 6 December 2006 event 
which has been the focus of this section. In the December 6 event, we see that the later 
bursts, primarily from 18:46:30 18:48:30 with subsequent minor bursts in the HXR 
after 18:49:30, are dominated in the hard X-rays by an intense and more southerly 
located HXR source beginning near the center of the UV ribbon and progressing over 
time to the south and west (see Figure 4.20). The nearest UV sources to the dom-
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Figure 4.20 TRACE and RHESSI map overlays for an 80 second period during the 
second HXR burst from 18:46:20-18:47:40. HXR data shown 25-100 keV emission with 
contours corresponding to greater than 20 percent of the respective image maxima. We 
note the develop of a strong southern HXR source with no direct UV counterpart. 
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Figure 4.21 Map overlays for a 60 second interval between 18:51:00-18:52:00. There is 
a clear, strong HXR source in the southern part of the FOV consistent with the southward 
X-ray development. However, there is not a significant corresponding co-spatial UV source. 
inant X-rays for the bulk of the secondary burst are Sources 7 and 8. In relation to 
the temporal analysis, these sources show significant activity during the interval of 
interest, both possessing a significant rise in emission 18:46:30 18:48:30 with source 
7, in particular, showing a significant correlation with the HXR emission (correla-
tion coefficient of 0.8295). Despite the temporal correlation and spatially proximity, 
there is no directly co-spatial hard X-ray emission apparent for either Source 7 or 
8. During the later stages of the flare (after 18:49:30 UT), the X-ray source to the 
south and west of the UV persists. However there is again a significant separation 
between the HXR source and the most significant UV brightening (see Figure 4.21). 
Spatially-separated, temporally correlated emission is consistent with the ideas dis-
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cussed by Alexander and Goyner (2006) and is suggestive of a required interacting 
3-D system to successfully reproduce the observed emission in all locations. A fading 
HXR source appears on the northern-central portion of the UV ribbon; however, this 
source is weakening throughout the later evolution of the event while the aforemen-
tioned southern source remains strong. As the flare evolves after 18:49:30 UT (see 
Figure 4.21), the bulk of the HXR emission is still confined in an intense HXR source 
significantly separated from the bulk of the UV emission lying to the south and west. 
The UV emission is dominated by a bright source near the southern tip of what was 
the central ribbon fragment in the earlier emission. This brightening (Source 15 from 
Figure '4.17) shows strong temporal correlation with the HXR emission. However, 
there is no corresponding co-spatial activity in the UV and HXR emission distribu-
tions suggesting again a larger scale structure is necessary to connect the emissions. 
The development of the strong southern kernel of HXR emission, which did not exist 
during the primary HXR impulse, indicates a probable second flare event involving 
a distinct group of magnetic structures. The southern location of this new HXR 
emission for the later bursts (including those not apparent in the UV profile) is con-
sistent with the derivation by Gilbert et al. (2008) of a set of two temporally and 
spatially separated origins of two chromospheric waves associated with these events. 
The additional and distinct energy release suggests that an evolving, and complex 
magnetic topology is required to produce the distinct and separate emissions as the 
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flare evolves. 
4.2.5 Further Examples of Multiple Burst Events 
Multiple impulse activity, such as described above, is similar to that seen in other 
M and X class events in our study with complex temporal profiles. A second clear 
example of a multi-burst event is the 2004 November 10 X2.5 flare. Figure 4.22 
displays the overall HXR time profile along with a series of four UV and HXR map 
overlays corresponding to the four impulsive bursts in the HXR profile of the No-
vember event. We see that each of the bursts corresponds to a different set of HXR 
footpoints localized to small portions of an active and complex UV ribbon system 
observed by TRACE. Each of the bursts shows that the strongest UV and HXR ac-
tivity exists in close proximity, confined to localized regions within a much larger 
complex UV ribbon system. Each of these bright UV sources demonstrates a statisti-
cally significant correlation with the overall HXR emission for the respective burst in 
question. The observations of separate sets of footpoints corresponding to different 
bursts within the time profile suggest multiple-burst flares can be envisaged as a series 
of reconnection-driven events isolated to different regions in the solar corona, likely 
the result of the interaction of distinct magnetic systems within an evolving topology 
of the overall flaring region. While the X-ray sources and the correlated UV emis-
sions are reasonably compact and localized for each impulse, consistent with direct 
particle injection from a nearby reconnection site, the overall extended UV ribbons 
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still remain consistent emitters and are continually visible in the TRACE images. 
This suggests that the non-thermal electrons responsible for the hard X-ray emission 
are likely only responsible for a portion the visible UV emission. For regions of UV 
emission not corresponding to a direct energy deposition site, the UV emission may 
arise in part due to other mechanisms. Possibilities include the effects of a thermal 
electron population or bulk heating of the chromospheric flaring region via thermal 
conduction fronts (Czaykowska, Alexander and DePontieu, 2001; Wiilser et al, 1994). 
Another example of a multiple burst event is the XI.3 event of 2005 January 
15 (Coyner and Alexander, 2006). Its X-ray emission shows three distinct impulses. 
The first two are rather short duration pulses of approximately 40 seconds. The 
UV emission for the event covers a long east-west oriented ribbon which shows the 
common fragmentation of UV ribbons into disparate sources. For these extended 
ribbons the most significantly temporally correlated emission occurs at the endpoints 
(labeled as Sources 1 and 2 in Figure 4.23 top) of the visible UV ribbon for the first 
two of the 3 impulses. Both these sources show clear temporal correlation for the 
two strongest peaks. Spatially the X-rays evolve over the course of the flare with the 
HXR emission beginning as a general large source in the center of the UV ribbon, 
distant from the correlated endpoint emission early on but as the flare approaches its 
peak, it evolves into a number of distinct discernible footpoints running the length of 
the UV ribbon. One source develops co-spatially with the temporally correlated west 
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Figure 4.22 Top: RHESSI 25-100 keV lightcurve for 2004 November 10 02:03:00-
02:12:00 UT. Bottom: A set of four UV and HXR map overlays corresponding to four 
distinct bursts in the time profile illustrating the evolution of the 2004 November 10 event. 
endpoint (Source 1 in Figure 4.23). See Figure 4.23 for a clearer representation of 
the spatial HXR evolution during the peak emission. 
4.2.6 U V Sources Uncorrelated with H X R Emission 
While the primary focus of this study is the evolution of localized UV sources 
with respect to the hard X-ray emission, there are four events that provide evidence 
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Figure 4.23 Example of TRACE ribbon with 2 sources used in lightcurve comparisons 
below (top) Lightcurve comparisons between RHESSI 50-100keV with Sources 1 and 2 as 
marked above (middle) and a series of images from the peak of the flare showing the contours 
of the hard X-ray emission for each image (bottom) 
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of significant UV brightenings with a delayed onset and no significant correlation to 
the high-energy HXR emission, in either space or time. As examples of these events, 
we discuss here the nature of the sources for the two 2006 December 6 flares, the 
X6.5 event discussed throughout this chapter and an M3.5 evemt beginning at 20:15 
UT. For the X 6.5 event, the Group 2 sources, existing off the main ribbon, exhibited 
significant onset delays and varied profile shapes from that of the hard X-ray emission. 
We see the bulk of their development occurring approximately 2 minutes after the 
peak of the strongest impulse of HXR emission. UV source 1, which is the farthest 
from the main ribbon of emission, shows a significant time delay and slower rise than 
many of its HXR-correlated counterparts. We find no significant temporal correlation 
between the HXR emission and the UV sources (R=0.266 for Source 1) The source 
shows the general profile characteristics of the 6-25 keV X-ray emission with a more 
significant correlation. This emission is believed to be largely thermal emission. This 
indicates a departure from the direct injection of non-thermal particles responsible 
for the HXR-correlated emission. 
Figure 4.24 shows the comparative time profiles of UV source 1 and the profile 
of the lower energy, 6 25 keV, X-rays. The lower energy X-rays show a single longer 
duration event compared to their higher energy counterparts, having a discernible 
emission profile from 18:42:30 18:49:30. It reaches its peak emission at 18:44:54 fol-
lowed by steady decay. UV source 1 shows similar delayed onset and a similar ex-
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Figure 4.24 Comparative lightcurves for delayed onset UV Sources and 6-25 keV X-ray 
emission for the X 6.5 event (panels A and C) and the M 3.5 event (panels B and D) from 
2006 December 6. 
tended profile to the SXR emission curve. We have performed a correlation analysis 
on the localized UV sources and soft X-ray emission and find that source 1 shows the 
strongest correlation (R=0.8844) for the burst duration and has a similar peak time 
to the SXR profile (source 1 peaking at 18:45:07). It is important to note that these 
profiles are significantly delayed from the peaks of the HXR profiles (the HXR profile 
peaks at 18:43:29 85 seconds prior to the SXR curve). 
A second example also included in Figure 4.24 comes from the analysis of the later 
M 3.5 flare from 2006 December 6. In this case, the HXR profile shows a drastic and 
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rapid rise to produce a short duration X-ray burst; however, one of the UV sources 
shows a much slower rise and more gaussian form than the HXR profile with the peak 
occurring significantly later in the evolution. Comparing this source profile with the 
6 25 keV X-ray observations, we find significant statistical correlation (R=0.9610) 
between the temporal development at the two wavelengths. Again, unlike the 25-100 
keV HXR profile which peaks sharply at 20:16:50, the soft X-ray profile peaks 20:17:27 
and the UV Source 2 at 20:17:53. In both these examples the significant time delays 
and deviation in temporal profile shape from the HXR emission suggest that these UV 
sources are likely responding to a different component of the flare activity than the 
non-thermal particles believed responsible for the hard X-rays. The source profiles 
shown show a much smoother, more gaussian profile, suggesting a strong contribution 
from thermal emission (see next section). 
4.2.7 Interpretation and Conclusions 
Observational Summary 
The observations discussed in the previous section present a summary of our 11-
flare study. While each event is unique, we find a number of interesting traits which 
tend to arise in these events using chromospheric emission from the UV and hard X-
ray observation as diagnostics of the complex magnetic structures and energy release 
development in large M and X class flares. We find for all of the events studied the UV 
emission develops in complex, fragmented, ribbons with UV enhancements in small 
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localized kernels. For 10 of the 11 events, during the initial impulses, we find the 
bulk of the temporally correlated UV and HXR emission to be co-spatial as well as 
co-temporal; although, for later impulses there are significant contributions to the UV 
in addition to the co-spatial emission resulting from particles accelerated to produce 
both X-ray and UV emission. The HXR emission for all the events is consistently 
more localized than the UV which shows a more extended development. Analysis of 
the individual UV and HXR sources provides critical insight in the magnetic evolution 
of these large flare events. 
A primary result is the confirmation of the temporal correlation of the overall hard 
X-ray profile with observed UV source profiles, and the subsequent comparison of the 
spatial distribution of emissions in both these crucial wavelengths. Our analysis 
of these flares finds several localized UV sources which show a strong correlation 
with the X-ray temporal profile, consistent with the results seen for earlier spatially-
unresolved studies, like those conducted by Cheng et al. (1988). Our comparisons of 
the UV and HXR spatial distributions demonstrate that for 10 of the large flares the 
strongest sources of temporally correlated emission are co-spatial with the resolved X-
ray sources at energies above 25 keV during at least the initial bursts of flare energy. 
Later bursts however show indication of significant spatial separation between the 
UV and HXR temporally-correlated emission lending support to the need for more 
complex magnetic structures which must evolve over time to reproduce the disparate 
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emission kernels. It is also noteworthy that the UV emission shows a greater spatial 
extent than the HXR emission indicating that emission persist throughout the flaring 
region. This indicates that additional mechanisms such as chromospheric heating 
or other thermal processes could also contribute to the UV emission for the flares. 
These observations indicate that the simple injection of non-thermal electrons from 
the energy release site is insufficient to characterize all the emission seen within the 
flares. 
In six of the events studied here, we find that the temporal profiles of the hard 
X-rays demonstrate evidence of multiple bursts of impulsive flare activity (only 5 in 
the UV emission). In these events, with the exception of the 2004 November 10 event, 
the initial burst is the most intense energy release while the subsequent bursts are di-
minished in flux but still exhibit impulsive character. Each of these bursts correspond 
spatially to a new set of X-ray footpoints in a spatially distinct locations within the 
UV ribbon system. This combination of temporal and spatial observations strongly 
imply that these event could result from one or more secondary reconnection events 
creating the subsequent impulses. These impulses in flares are believed to be gov-
erned by the interaction of the magnetic field in the corona above the flaring region. 
One plausible explanation of these later bursts is that they would be less intense 
energy releases from newly developed reconnection events as the complex magnetic 
configuration relaxes into one of many available equilibrium states until reaching a 
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stable nearly potential final configuration. This is consistent with the theoretical in-
vestigations of BC Low which describe the evolution of tangential discontinuities and 
current sheets to release energy from the complex magnetic field (Low, 2006). Low's 
study found that a 3-D bipolar field can be mathematically shown to have an infinite 
number of equilibrium states of varied energy. The transition between these equilib-
rium statas spawns from the formation of a current sheet near a developing tangential 
discontinuity in the magnetic field. These current sheets allow for the release of free 
magnetic energy through an additional reconnection which would directly translate 
to an additional impulses of chromospheric emission. 
Spatially, we find that these subsequent bursts often correspond to independent 
sets of X-ray footpoints developing in different localized regions within the envelope 
of the flare, typically defined by the observed UV ribbon system. The new X-ray 
footpoints often correspond to localized brightenings in the UV. However, we find 
some cases where spatially separations do develop. These additional brightenings 
are superimposed on the persistent ribbon-like structure observed by TRACE. This 
implies that while the most intense activity occurs in association with a localized 
reconnection, the extended emission indicates that the entire complex flare region is 
still actively dissipating energy. 
These observations have direct implications for the magnetic evolution of the flar-
ing region by provide observational support to the largely theoretical understanding 
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of the importance of 3D magnetic reconnection and the interaction of structures such 
as separatrix surfaces and their boundaries, the separators. These multi-burst events, 
in particular, show clear response to multiple reconnection events within the corona, 
requiring that reconnection within flares is not a static process but can be temporally-
evolving as a result of a changing 3D field. Also the continuous emission from the 
complex UV ribbons throughout the flaring region indicates the particle acceleration 
and energy dissipation occurs throughout the flaring region 
Finally, we discussed the existence of UV sources which do not exhibit the strong 
relationship between the UV and the HXR emission seen in prior studies. These 
sources, as observed in both 2006 December 6 events, develop spatially separated 
from the main ribbon of UV and HXR activity and show a significant time delay of 
order minutes from the onset of the HXR burst emission. These sources exhibit much 
broader emission profiles and are more generally correlated with the lower energy 
(6-25 keV) X-ray emission, suggesting a thermal origin, in direct contrast to the non-
thermal particles theorized to cause the observed impulsive phase HXR emission. 
Implications for Particle Transport and Magnetic Topology 
Recently, a number of studies have highlighted the importance of the 3-D magnetic 
topology described by the distribution of the separatrix surfaces and their interaction 
at special field lines called separators The separators, or in more practical cases quasi-
separatrix layers (QSLs), serve as preferred locations for magnetic reconnection and, 
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by extension, flare energy release within the corona (Demoulin et al., 1993; Longcope, 
1996; Metcalf et al., 2003; Titov et al., 2002). These separators and their associated 
separatrix systems have been directly linked in recent studies to the chromospheric 
flare signatures we observe. In wavelengths such as Ha and hard X-rays it has been 
demonstrated that the observed footpoints and emission ribbons occur along the 
intersections of the separatrix surfaces with the chromosphere (Metcalf et al., 2003; 
Mandrini et al., 1997; Longcope et al., 2001). While we present here a number of 
direct implications from the analysis of radiative emission signatures, in order to fully 
address and characterize solar flare activity, it is critical to link the observed temporal 
and spatial signatures to the physical processes and magnetic environment that result 
in large flares. Such a study of the magnetic field development for flaring active region 
will be reported in Chapter 5. 
In accordance with the general complexity of large flare event regions, our obser-
vations provide evidence for large flares being the result of time-varying evolution of 
the 3-D coronal magnetic field involving the interaction of multiple bipolar flux sys-
tems to quickly release large quantities of magnetic free energy through the relaxation 
of the non-potential magnetic field. The necessity for time-varying flux systems and 
energy release is two-fold. The multiple UV and HXR sources exhibiting co-temporal 
behavior show the strongest emission and are often but not always found to be co-
spatial, consistent with the models of Kane, Frost, and Donnelly (1979); however, 
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the additional observations presented here require a more complex overall picture. 
While the spatially-integrated profiles and the strongest individual sources have the 
observed temporal connection for the most intense bursts of hard X-ray emission, 
there exist intense emission signatures which persist with no simple co-spatial equiva-
lent. While the UV sources appear in extended ribbons, the HXR signatures are more 
localized sources occurring only on portions of the visible UV emission ribbons similar 
to the results put forth by Warren and Warshall (2001). UV ribbons, delineating the 
extended boundaries of the flare emission region, require that the magnetic topology 
of these flaring regions must be a 3-D system in which likely multiple separatrix sur-
faces must intersect the chromosphere along the visible UV ribbons to facilitate the 
emission seen. 
For the larger events, we see temporal profiles consisting of multiple impulsive 
bursts of HXR emission. In these events, we find that the individual bursts relate to 
independent spatially-disconnected sets of HXR footpoints. Such a multiple recon-
nection scenario is observationally supported by the X-ray image sequences similar 
to those shown in Figure 4.22. Here, we observe an initial set of footpoints in the 
western half of the flaring region, containing strong X-ray emission visible from ap-
proximately 02:06 02:08 UT. Subsequently a set of three HXR sources emerge in 
eastern portion of the flaring ribbons along a distinct set of UV sourcas. As the flare 
energy is released from the magnetic field, the field relaxes into a lower energy con-
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figuration. As the field changes, the development of new HXR sources suggests the 
separatrix systems within the active region interact in a spatially different location 
to produce an additional location for further reconnection elsewhere in the corona. 
This would permit the active region field to further relax consistent to the findings 
of Low by releasing additional energy and producing the second set of HXR sources. 
A final implication particularly related to energy release in these large flares is that 
multiple physical processes may be necessary to produce the observed chromospheric 
emission. In the case of the most intense sources visible in either wavelength, the co-
temporal, co-spatial emission implies that both the HXR and UV emission for these 
source can be traced to a common coronal origin and result from the same physical 
processes, believed to be impulsive injection of non-thermal electrons. This picture 
is similar to the scenario put forth by Kane, Frost, and Donnelly, where emission 
signatures at different wavelengths occur at different heights in the solar atmosphere, 
based on the energies and pitch angles of the contributing electrons. We must be 
able to address the persistently visible emission from the entirety of the complex 
UV ribbon system and the UV emission seen during the later small X-ray bursts in 
the 2006 December 6 X6.5 event. For these later, weaker HXR bursts (18:49 18:56 
UT), the UV time profile shows a steady decline which more closely resembles that 
of a thermal decay rather than a response to a non-thermal source (see Figure 4.14). 
Incorporating these emissions and the observations of delayed UV sources evolving 
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away from the main ribbons of activity would require that the UV emission arises from 
at least two distinct sources: a response to the directly-injected particle population 
from the flare impulsive phase and a more delayed response to the bulk heating of 
the chromosphere as the flare progresses. 
Interpretation of Delayed UV Sources 
Studies of observed chromospheric signatures of flares have provided evidence for 
multiple processes involved in their production. Kitahara and Kurokawa (1990), in a 
study of Ha and hard X-ray emissions in flares, found Ha sources with time profiles 
of three distinct types, matching the profiles of hard X-ray, soft X-ray, and thermal 
conduction front associated emission. In our analysis, we find UV sources in 4 of 
our events which display sources that exhibit a significantly delayed response from 
the temporal behavior of the hard X-ray emission. These sources generally evolve 
away from the main ribbons of UV activity and, while weaker than their hard X-
ray associated counterparts, persist throughout the latter stages of the flares. These 
sources deviate significantly from the the hard X-ray association which dominates the 
full field of view UV emission; however, their temporal behavior possess comparable 
delays, characteristics and statistically significant correlations with the lower energy 
X-ray emission (6-25 keV). This is important to note because it has been shown 
that softer X-ray emission arises from thermal processes or the acceleration to higher 
energies of a thermal component of the electron population generated by the coronal 
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magnetic energy release within the flare process (Joshi et al., 2007). 
Our findings detailed in chapter show that while the complete flare region emission 
profiles for both wavelengths show strong temporal correlation and similar temporal 
evolution in the vast majority of cases confirming the spatially-unresolved results of 
previous studies (Cheng et al., 1988). However, when our temporal and spatially 
analysis is applied to well-resolved localized sources, we find a much more compli-
cated emission picture where the co-spatial and co-temporal emission expected in 
most flare models serves as only a component of the emission distribution seen while 
spatial separated correlated UV and HXR emission and late developing UV sources 
are also present. Within many of these flares, we see localized, temporally correlated 
ultraviolet and X-ray sources which show clear spatial separation. These separations 
along with the temporal correlations provide observational support for the need for 
a time-varying 3-D magnetic topology of the flaring region governing the particle 
transport and emission within the flare. For many of the large events we find tempo-
ral profiles with multiple intense impulsive bursts with each burst corresponding to 
a unique set of hard X-ray emission sources. These observations suggest that these 
later impulses could result from additional reconnection events within the coronal 
field. In the next chapter, we will further explore the connections between the evolu-
tion of the chromospheric emission and that of the coronal magnetic field. Finally, we 
find evidence within these events of emission sources which depart drastically from 
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the temporal correlations observed in the bulk of the emission. These delayed onset 
sources show a clearer association in time and in profile characteristic with the lower 
energy X-rays believed association with a thermal population of particles. 
The studies detailed in this chapter demonstrate that the standard flare model, 
which predicts co-spatial and co-temporal hard X-ray and ultraviolet emission, only 
accounts for part of a more complex emission scenario within flares. Our results have 
shown evidence for temporally correlated but spatially separated emission requiring 
the existence of a complex magnetic topology to transport accelerated particles and 
produce the observed emission. In complex events, showing multiple impulses, we 
find that these events can be related to multiple magnetic reconnections as evidenced 
by disparate HXR source distributions corresponding in time to different impulses 
of X-ray emission as the flare progresses. We also find a number of sources in the 
UV which develop with significant delays compared with the HXR emission with 
these sources strongly related to lower energy most likely thermal emission. This is 
suggestive that, in addition to the bremsstrahlung emission and direct heating of the 
chromosphere by precipitation of non-thermal electrons, additional thermal particles 
or thermal physical processes contribute to the flare emission. 
Chapter 5 
Relating Hard X-ray Evolution to Changing 
Magnetic Topology 
In the previous chapters we have discussed the important role of the solar mag-
netic field in the creation and evolution of solar transients, particularly solar flares. 
Flares produce emission resulting from the acceleration of particles due directly to the 
release of magnetic energy from the relaxation of the solar coronal field. As a result, 
a study of solar transients must, at least in part, address the nature of the magnetic 
topology of this field and how its structure varies over time to release energy and 
accelerate particles. As discussed in Section 2.2.2, the complex 3-D field structure 
can be described by constructing separatrix surfaces each containing an independent 
bipolar magnetic flux system with the complex active region field. These separatrix 
surfaces can then interact due to either photospheric motion bringing existing sep-
aratrix systems together or due to the emergence of new separatrix systems within 
the active region, as new magnetic flux rises from below the photosphere to increase 
the complexity of the growing active region. Locations where these systems interact 
are naturally evolving locations for magnetic reconnection to occur as oppositely di-
rected field are brought close enough together to allow for diffusion across the field 
and changing of connectivity. The location of these interactions have been suggested 
to be coincident with defined magnetic separators, single field line boundaries between 
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these magnetic systems serving as a 3-D representation of a neutral line or polarity 
inversion line separating the oppositely directed fields and spawning current sheets 
and reconnection in the corona (Priest, Longcope, and Heyvaerts, 2005; Longcope 
and Magara, 2004). 
For complex systems where no absolute magnetic nulls can be found, structures 
known as quasi-separatrix layers or QSLs can be determined from the existence of 
large discontinuities in the coronal field. Interaction of these fields initiate magnetic 
energy release and significant particle acceleration (seen observationally through chro-
mospheric emission kernels), create and then dissipate large coronal currents via the 
existence and gradual disappearance of strong current sheets, and modify the mag-
netic topology to lower energy equilibrium states by changing the magnetic connec-
tivities within the larger systems eventually arriving at a near-potential equilibrium. 
While our discussion in Section 2.2.2 was largely theoretical, the observations pre-
sented here provide direct evidence of the importance of separators, QSLs and the 
overall separatrix systems to the solar magnetic field development and, most criti-
cally, the role of the magnetic field in initiating and prolonging the flaring process and 
provide us with a visible constraint on the nature and structure of the magnetic con-
figurations in regions of the solar atmospheric where direct magnetic measurements 
are not possible. 
The work presented in this chapter will focus primarily on the discussion of the 
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hard X-ray evolution for a pair of flare events from NO A A active region 10720 in 
an attempt to relate the observational signatures and evolution to a model-based 
understanding of complex magnetic fields and the particle acceleration associated with 
them. We focus here on observations of the hard X-ray evolution and its relationship 
with the magnetic field. In this particular study, we analyze the evolution of two 
large flares within NOAA Active region AR 10720 in hard X-rays from 25-100 keV. 
While this active region produced a number of large events as it crossed the solar 
disk, we focus on two large flares from 17 January 2005 due to the availability of 
complete RHESSI data and the availability of vector magnetograms for magnetic 
field extrapolations. We report here on the hard X-ray structure and the relation of 
its evolution to the location of separators or QSLs within the magnetic topology of 
AR 10720. To determine the location of these QSLs and separators, we rely on force 
free magnetic field extrapolations constructed by our colleague Lirong Tian, which 
are detailed in Tian, Alexander, and Coyner (2008) hereafter TAC. 
5.1 Magnetic Field Extrapolation Techniques 
While the solar environment is not a force-free environment as a whole, it is 
widely considered a valid assumption for solar studies that the regions between the 
chromosphere and the corona beyond approximately 600km above the photospheric 
surface (Metcalf et al., 1995). Force-free extrapolations rely on two main equations 
of electrodynamics: 
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V x B = //0J = a B (5.1) 
V • B = 0 (5.2) 
where B is the magnetic field vector at a given point in the solar atmosphere and 
J represents the stored currents within the magnetic field. The force-free parameter 
a is, in general, variable throughout the atmosphere as a function of location. As a 
result these extrapolated fields are classified as non-linear force-free fields. 
To advance our study of the magnetic structure in the upper solar atmosphere, 
we adopt a linear force-free extrapolation to reconstruct the 3D magnetic fields in 
the chromosphere and corona. This method applies equations 5.1 and 5.2 with an 
observed photospheric boundary field in order to determine the magnetic structure of 
the chromosphere and corona: when adopting the simpler linear force-free case, the 
force-free parameter a is constant everywhere on the boundary. Both linear force-free 
and non-linear force-free field extrapolations use a lower boundary condition input 
of the measured photospheric vector fields. The photospheric fields are measurable 
due to the increased strength of the field, and detectable measurements of Zeeman 
splitting determined via doppler shifts in both left and right circularly polarized light 
measured with MDI. The difference between these values is a measure of the Zeeman 
splitting which determines the magnetic field strength. (Scherrer et al. 1995). The 
magnetic fields are then determined for each point in the corona in accordance with 
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Equations 5.1 and 5.2 to extrapolate the complete field. The locations of quasi-
separatrix layers or QSLs are then determined from the computed 3-D magnetic 
fields according to a mathematical definitions based on regions of strong gradients in 
the magnetic fields. We use two measures to determine the locations of the separators 
and QSLs. An initial measure, typically referred to as the norm, provides a measure 
of the discontinuities using the gradients of the position variations between the two 
footpoints of the traced field line as shown below. 
Nl^y) =1(^)2 + C-^f + (^f )2 + C-^f\ dx dy dx 
,dPy 
dy (5.3) 
where Px and Py are the differences in x and y coordinates respectively for the two 
footpoints of each traced field line. 
Titov et al. (2002) have improved upon the norm calculation to take into account 
conjugate footpoints while allowing for the two mapping regions to be of different 
sizes and shapes. The squashing factor Q is defined by: 
Nl Q{x,y) = \det(D+)\ (5.4) 
with D+ defined as: 
/ dPx dPx \ 1
 dx dy > 
\ dx 'dy I 
(5.5) 
Both the norm and the squashing factor are dimensionless quantities which in-
crease significantly as the field approaches a discontinuity or a region of severe gradi-
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ents in magnetic field. Field line mappings of Q and N show narrow regions of very 
high values providing the outlines of the QSLs within the coronal field map. These 
QSLs are generally very thin allowing for the significant build up of current sheets 
and the storage of magnetic energy in a strongly non-potential region of the corona 
prior to a reconnection event which will relax the non-potentiality to a lower energy 
equilibrium state. Therefore, comparing the observed hard X-ray signatures with 
the location of the corresponding QSLs provides direct insight into the nature of the 
energy release and current dissipation during solar flares. 
5.2 Active Region 10720 and Our Selected events 
The events for this study occur in NOAA active region 10720, a complex and 
flare productive active region which appeared on the solar disk from 11-20 January 
2005. We chose this active region due to the magnetic complexity and numerous 
intense flare events detected as it evolved across the disk. Over this period, the active 
region produced five X-class events and 16 M-class events. The complete list of flares 
above GOES classification of M1.0 are presented in Table 5.1. Within the list of 
notable events, we are limited to flares for which we have both coverage in RHESSI 
for the full duration of hard X-ray emission, to track the hard X-ray evolution and 
vector magnetic field information which we obtain from the ground-based Huairou 
Solar Observing System (HSOS). These requirements restrict us to two events from 
17 January 2005 shown in bold in Table 5.1. 
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Date 
14 Jan 2005 
14 Jan 2005 
14 Jan 2005 
15 Jan 2005 
15 Jan 2005 
15 Jan 2005 
15 Jan 2005 
15 Jan 2005 
15 Jan 2005 
15 Jan 2005 
16 Jan 2005 
17 Jan 2005 
17 Jan 2005 
18 Jan 2005 
18 Jan 2005 
19 Jan 2005 
19 Jan 2005 
19 Jan 2005 
19 Jan 2005 
20 Jan 2005 
21 Jan 2005 
Begin 
1353 
1753 
2108 
0022 
0409 
0426 
0554 
1141 
2201 
2225 
2155 
0310 
0659 
1123 
1540 
0726 
0803 
1015 
1539 
0636 
1010 
Max 
1411 
1757 
2126 
0043 
0416 
0431 
0638 
1148 
2208 
2302 
2203 
0321 
0952 
1132 
1549 
0813 
0822 
1023 
1539 
0701 
1016 
Class 
M1.8 
M1.5 
M1.9 
X1.2/1B 
M1.3 
M8.4 
M8.6 
M1.2 
M1.0 
X2.6/3B 
M2.4 
M2.6 
X3.8 
M1.6 
M4.6 
M6.7 
X1.3 
M2.7 
M1.6 
X7.1/2B 
M1.7 
Table 5.1 Large Flares Produced by Active Region 10720 from 14-21 January 2005 
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The two events we consider here, an M2.6 event peaking at 03:21UT and an X3.8 
extended event peaking at 09:52UT, both originate along a complex, primarily east-
west oriented, ribbon structure seen at UV wavelengths. The same extended UV 
ribbon system persists, extending across the complete active region, for the duration 
of both events; however, each of the X-ray flares occur in localized regions confined 
on opposite sides of the extended UV ribbon. The earlier M2.6 event shows X-ray 
emission appearing confined to the eastern half of the UV ribbons shown in the UV 
emission. The later, larger flare appear as a series of four localized kernels of HXR 
emission near the western edge of the ultraviolet emission ribbons. We will discuss the 
evolution of these sources for both events both from the context of the hard X-rays 
alone and in relation to the magnetic fields and currents in the corona in Section 5.3.1. 
5.3 H X R Results for AR10720 Events 
In terms of hard X-ray emission both of the events in this study appear as multiple 
impulsive burst events exhibiting two dominate bursts each. As expected, the HXR 
emission of the X3.8 event is a more intense. The M2.6 event, shown in Figure 5.1, 
has a clearly defined pair of impulsive bursts, each with a very sharp rise and then 
a gradual fall-off. Each burst lasts 2-3 minutes in duration. In terms of hard X-ray 
emission, these bursts can be seen as distinct flares as there is no discernible overlap, 
but rather a clear temporal separation between the two. The first impulse shows a 
steep rise near 03:13 UT followed by a sharp peak and a rapid fall off until 03:15:30 
RHESSI Count RateB 
Figure 5.1 RHESSI 25-100keV hard X-ray profile for the M2.6 event from 17 January 
2005. Hard X-ray activity persists from 03:13-03:21UT in two large impulsive bursts. 
UT where the X-ray emission returns to a background level. The initial burst is 
markedly more intense than the later one. The second burst rises abruptly from this 
background beginning at 03:18 UT with a peak at 03:18:40 UT topping out at ~ 70 
percent of the intensity of the stronger primary impulse. A gradual fall off persists 
until 03:21 UT. 
The second event, (see Figure 5.2) is a more complex multi-burst event with its 
25-100keV X-ray emission lasting 22 minutes in duration. There is a small burst 
of precursor emission from 09:41:00-09:42:45. The most intense series of bursts in 
the X-rays begins at approximately 09:43 UT lasting until approximately 09:48 UT. 
This primary burst shows an extremely quick rise and an intense peak occurring at 
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Figure 5.2 RHESSI 25-100keV hard X-ray profile for the X3.8 event from 17 January 
2005. 
approximately 09:44 UT with an equally quick fall off until ~ 09:44:30. A second 
burst in this complex begins near 09:43:30 and rises to a plateau at approximately 
45 percent of the maximum flux in the first intense peak. This secondary burst has a 
broader shape extending to 09:46:30 UT. A weak impulsive period from 09:48-09:52 
UT shows two additional impulses in the HXR emission. The largest peak in this 
timeframe reaches 35 percent of the maximum emission at approximately 09:49 UT. 
This active period shows one more small burst between 09:49:30-09:51:00 UT but this 
impulse shows only a small rise relative to the apparent background levels. 
These flares provide two significant cases for study of the X-ray evolution in com-
parison with the developing magnetic field. The bulk of this chapter will focus on the 
evolution of these X-ray sources through the duration of the event and its relationship 
TmioHm, iWO, 
I . . . I . . . I . . . I 
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to the evolving magnetic field and the determined location of the separators and QSL 
determined from force free magnetic field extrapolations. 
5.3.1 Hard X-ray Spatial Evolution 
The temporal information discussed above provides general insight into the be-
havior of hard X-ray emission integrated over the whole region of flare emission. For 
the purposes of directly relating observed emission signatures to the magnetic de-
velopment of the active region, the spatial distribution of discernible X-ray sources 
is of greater importance. To investigate this for the two events here, we generate a 
series of hard X-ray image reconstructions over the duration of each flare with 20 
second integration times used to generate each image. The 20s integration time is 
necessary to ensure that the image reconstruction contains enough counts to converge 
to a solution. Using these images, we trace the hard X-ray evolution of sources seen 
in each of the impulsive bursts for both events. Figure 5.3 shows four panels of 
individual Pixon reconstructions from images near the burst peaks for the two flares, 
with the top panels showing hard X-ray emission from the peaks of the bursts within 
the M2.6 event at 03:13:40 and 03:18:40 UT, while the lower panels show peak hard 
X-ray emission of the larger X3.8 event at 09:43:20 and 09:48:20 respectively. 
Over the course of the smaller event we see that hard X-ray emission progresses 
and expands into a number of localized kernels down a ribbon stretching to the south 
and east across the image field. The image from the initial most intense peak shows 
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Figure 5.3 Four panels of RHESSI 25-100keV energy pixon reconstruction maps for the 
peaks of four bursts within the 2 flares studied here. The top 2 panel represent the peak 
images of the M2.6 event and the lower panel are similar peaks from the X3.8 event. 
168 
three confined X-ray sources to the north and center of the image field. Of the three 
sources, the central kernel and the source directly southwards show the strongest 
emission. These two sources persist and continue to contribute significant hard X-ray 
emission over the duration spanned by both of the main hard X-ray bursts; however, 
the emission in the later impulse is increased by the development of a series of smaller 
emission sources along a primarily eastward line from 315 to 275 arcseconds, relative 
to disk center in the x-direction. The evolution of these sources suggests a number of 
changes to the magnetic structure of the flaring region in the form newly developed 
sets of magnetic connections. The new magnetic structures allow for particle transport 
from the flare acceleration site in the corona into the chromosphere. The accelerated 
particles deposit energy when the reach the chromosphere producing the hard X-ray 
signatures observed. 
The second event shows, over the course of the emission, four discernible localized 
sources. Three of the sources appear during the period of the initial burst group and 
persist through the weaker impulses later in the flare. The spatial development of 
this flare is as follows: 
• The two southern sources show the most intense emission through the primary 
impulsive energy release and strong sustained emission throughout the flare. 
• The upper left source appears during the primary energy release, but it is 
markedly weaker in total flux than its two southern counterparts. 
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F i g u r e 5.4 Comparative imaged HXR emission temporal profile for the southern sources 
visible in the X3.8 events. These sources show strong, consistent emission throughout the 
impulsive bursts of the event. The temporal evolution also show significant evidence of 
footpoint conjugacy (Correlation Coefficient of 0.918). 
• The second burst shows all four sources active at the peak with the source to 
the upper right only appearing during this time frame. 
In the particular case of the X3.8 event, the locations and the persistence of 
some of the X-ray kernels are visually suggestive of the existence of strong magnetic 
connections between some of the sources. A mechanism for testing these connections, 
based solely upon the HXR data, is to analyze the imaged temporal profiles for signs of 
conjugacy. Conjugate footpoints are emission sources which serves as chromospheric 
footpoints for opposite ends of the same magnetic structure. These sources, being 
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magnetically connected, will show similar temporal evolution and response to particle 
acceleration and energy release within the loop. To obtain this light curve we use 
the peak HXR images shown in Figure 5.3 to determine the locations and areas of 
source kernels. We enclose each of the source areas and determine the total X-ray 
flux within these areas for each image. We then use these flux measurements to 
generate a time series for each image in our series. Figure 5.4 shows the imaged 
emission profiles for the two southern sources for the X3.8 event. Of the two sources, 
the eastern source,shown with triangles, exhibits the strongest total emission. The 
western footpoint of the loop shows the strongest flux at the initial peak but the 
fluxes of both these sources are quite similar throughout. A correlation analysis of 
the two sources shows a strong temporal correlation (R=0.918) indicating that these 
two sources are well-connected conjugate footpoints linked by a single magnetic that 
has been energized by the flare energy release. 
The two northern sources do not show any significant correlation over the course 
of the flare, primarily because the upper right source does not become appreciably 
active until the later, weaker burst of activity. However, during this later burst, the 
northern sources do show similar time profiles suggesting that during this weaker 
activity, these sources show evidence of a temporal association and thus are likely 
magnetically connected. This again suggests that these sources are connected to 
the same energy release site and their emission is a response to the same physical 
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processes. Such connections provide insight into the structure of the magnetic field 
and the location and timing of energy release within the corona. 
5.3.2 Ultraviolet, Hard X-ray and Magnetic Field Relationship 
Having discussed the X-ray development of the two flares in this study, we now 
relate the observed X-ray emission to observations in the UV and measurements 
of the magnetic field to obtain a more complete picture of the link between flare 
emission and the magnetic complexity of the flaring region. To this end, we discuss the 
development of the hard X-ray emission sources relative to the chromospheric ribbon 
structures in the UV as well as the magnetic structure within the chromosphere. 
These chromospheric relationships provide a base from which we then expand to 
investigate the connection between chromospheric emission and the development of 
QSL structures in the corona. 
The M2.6 Event of 17 January 2005 
The smaller of our two events shows a complex ribbon system with two primary 
ribbons and a series of apparent connections between them. The clearest ribbon 
extends nearly 200 arcseconds in east-west extent (from 225 to 425 from disk center) 
and approximately 50 arcseconds in north-south extent (from 240 to 290 arcseconds 
from disk center). The second clearly denned ribbon is located in the northern part 
of the active region, ranging from 310 to 350 arcseconds in the y-direction and from 
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approximately 290 to 380 arcseconds in the x-direction with all coordinates relative 
to disk center. The X-ray sources primarily lie along the eastern half of the lower UV 
ribbon. This location appears consistent with the location of the magnetic neutral 
line which runs along the boundaries of the positive and negative polarities. Figure 
5.5 shows these overlay plots for both the significant bursts of activity in the early 
event. 
The first image focuses on the time range 03:13:00 to 03:15:00 UT, showing the 
development of the x-ray centroids over time. The color used depicts the earliest 
times in blue progressing to red for later times. The lower image shows the X-ray 
progression from 03:17:20 to 03:19:20. HXR sources in the later frame comprise a se-
ries of strong emission kernels forming an east-west aligned line of emission extending 
from approximately 275 to 325 arcseconds from disk center in the x-direction. Each 
of these sources appears as a chromospheric source in a region of the same magnetic 
polarity. The numerous sources located along a clearly visible ribbon structure is 
consistent with the standard flare picture of a developing arcade. However, the foot-
points in the opposite polarity region are not evident in the hard X-ray observations. 
This observation suggests that high energy electrons responsible for the hard X-ray 
emission may be preferentially contained within one leg of the magnetic loop, while 
higher energy particles, capable of producing UV emission but not hard X-rays are 
contained in the other leg. This scenario suggest that the particle acceleration mech-
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Figure 5.5 HXR sources overlaid on a TRACE UV 1550 A context image with contours 
of positive and negative polarity found from the MDI 96 minute cadence magnetogram 
(positive polarities shown in green negative in orange). (a)03:13 to 03:15 UT; (b) 03:17:20 
to 03:19:20. The HXR images are produced at 10-second resolution. The color table for 
the HXR emission is color table 5 which show early times as blue, intermediate times as 
red and orange, and later times as yellow. The data in the overlays for all instruments have 
been differentially rotated to the TRACE image time. 
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anism must have some degree of energy dependence. The specifics of this mechanism 
are unknown; however, one possible mechanism involves a magnetic trapping scenario 
with an energy-dependent pitch angle distribution as discussed in McClements and 
Alexander (2005) and Alexander and Metcalf (2002). 
In addition to the shape of the hard X-ray distribution, we use the image recon-
structions from RHESSI to determine the flux-weighted centroid for each hard X-ray 
source. This provides a clearer picture of the evolution of the X-ray flux than that 
provided by the sources themselves. This is accomplished by selecting the hard X-ray 
sources via the polygon method as described in the previous chapters. Within each 
polygon we calculate the X-ray flux and use the x and y positions to determined the 
centroid for each image in the X-ray sequence. The centroid positions are differen-
tially rotated to the time of the TRACE context image in order to provide a direct 
comparison with the TRACE data and the magnetic development. The rotation of 
each image is performed specifically to eliminate the differential rotation from the 
source motion, leaving any apparent motion observed to be the shift in the actual 
centroid for each of the given sources. The centroids are overplotted on the UV rib-
bons and the line of sight photospheric magnetic field contours for direct comparison 
(see Figure 5.6). Within the figure the centroids are shown changing with time by a 
sliding color scale with earlier times in blue and later times shown in yellow. 
The course of the M2.6 event followed in Figure 5.6 shows the development of six 
175 
HXR Source Centroid Mop ( 2 5 - I Q Q k e V ) 
300 320 
i position (orcseconds) 
250 300 350 
X (arcsecs) 
400 
Figure 5.6 Shown at top is a centroid map for the discernible localized sources for 
the M 2.6 event. The centroids are calculated from 10 second integrations of 25-100 keV 
energies in the RHESSI images. The source region were selected from the RHESSI image at 
03:18:40 UT. Differential rotation and TRACE co-alignment have been taken into account 
by differentially rotating the data to the TRACE context image time. 
176 
isolated emission sources existing primarily co-spatial with the eastern portion of the 
complex UV ribbon system. The UV ribbon system is largely comprised of two well-
defined horizontally oriented ribbons, as described earlier, with notable connections 
visible between them. The first two sources observed develop along a north-south 
connection between the two main east-west oriented ribbons. These sources are no-
ticeably visible primarily during the first emission burst from 03:13-03:15 UT. These 
two sources generally only show a slight eastward drift, though the centroid for the 
earlier times are more easily defined because of source visibility. Four of the six 
sources that appear to evolve with generally eastward motion along the southern rib-
bon. These sources appear most evident during the later bursts of activity, along and 
near the southern UV ribbon. They remain reasonably stable along the ribbon with 
only a slight eastward drift. 
Large opposite polarity regions of magnetic field, shown as orange and green 
contours in Figure 5.6, are evident in the region near the UV ribbon and HXR 
sources described with a long a well-defined neutral line marking the region of X-ray 
and UV emission. In most flare models, reconnection is believed to occur in the corona 
above existing chromospheric neutral lines. The chromospheric hard X-ray signatures 
and the observed magnetic structures indicate that the HXR kernels are the result of 
one of more reconnection events consistent with the standard flare emission picture. 
To clarify the magnetic structure throughout the corona and its relationship to the 
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F i g u r e 5.7 TRACE 1550 A context image with overlaid contours of Huairou vector 
magnetogram data with positive polarity shown in yellow and negative in blue from 03:51 
UT. The orange symbols indicate the locations of QSLs from the analysis described in Tian, 
Alexander, and Coyner (2008). Each symbol indicates a Q of greater than 100 with larger 
symbols corresponding to larger Q. 
emission seen, we compare the emission source and magnetic structure locations to the 
locations of the QSLs in the corona defined through the force-free field extrapolations. 
Figure 5.7 shows the combination of the TRACE 1550 A context image with 
contours shown from the Huairou vector magnetogram data. In addition the circular 
symbols represent points in the corona where the squashing factor Q has a value 
greater than 100. As discussed earlier, regions of high Q, indicate significant gradients 
in the coronal field and are stronger observational evidence of QSLs and by extension 
sites of probable magnetic reconnection events within the corona. Based upon the 
Huairou data taken just after the flare at 03:51 UT, a long region of high Q is found 
along the lower UV ribbon consistent with the positions of the HXR emission kernels. 
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This region represents an extended QSL in the corona, five arcseconds above the 
photosphere, lying above the southern portion of the active region. The existence of a 
QSL along the active flaring region alongside the chromospheric hard X-ray signatures 
suggests that these sources are the result of particle acceleration and energy release 
at the QSL. 
The results we show here illustrate a consistent picture of the chromospheric 
response being a direct results of relaxation within the coronal field due to one or 
more reconnections. In this M 2.6 event, however, we do not see significant X-ray 
evolution over the duration of the flare because many of the sources show activity in 
localized stationary sources. We will further discuss the evolutionary aspects in the 
context of the X3.8 event in the next section. 
The X3.8 Event of 17 January 2005 
The X3.8 flare actually shows flare development in the UV from 06:54 UT lasting 
over three hours in duration. While the majority of the event is seen in 1600 A 
emission, data gaps exist in the TRACE images between 09:20 to 09:55 UT limiting 
our discussion here to only the hard X-ray emission. The hard X-ray emission occurs 
from 09:42 to 10:00 UT. While the TRACE 1550A context image from 08:36 UT 
shows a similar UV ribbon structure to the M2.6 flare, the flare emission in the 
second event is localized to regions on the western side of the active region. The hard 
X-ray emission arises in the form of four discernible source kernels within a 70x70 
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Figure 5.8 HXR sources for the X3.8 event overlaid on a TRACE 1550A context image 
from 08:36 UT. MDI 96 minute cadence contours are shown from a magnetogram at 06:24 
UT. (top) Image showing the HXR progression from 09:42:00 to 09:46:20. (bottom) Image 
showing the X-ray progression from 09:47:00 to 09:51:20. Each image results from a 20 
second resolution image reconstruction. The color table for the HXR sources shows early 
times in blue, intermediate times in red and orange, and later times in yellow. 
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arcseconds-squared region covering from 390 to 460 arcseconds from disk center in 
the x-direction and 280 to 350 arcseconds from disk center in the y-direction. For 
the time ranges illustrated in Figure 5.8, we see, initially, the evolution of three 
isolated X-ray sources in the top figure each occurring in a localized magnetic field 
regions of mixed polarity. The X-ray source to the south and west exists in a region 
of negative polarity (shown in green). The two remaining sources are each found 
to be in regions of positive polarity (seen in orange). The temporal development, 
shown earlier in Figure 5.4, demonstrates a strong correlation and provides a direct 
link between two southern sources. This may indicate a direct magnetic connection 
or may be the result of two distinct sources responding simultaneously to the same 
energization. Either scenario provides critical insight into the magnetic structure and 
energetic development of the flaring region. Evidence of a connection to the active 
northern source at early images is not as convincing. 
In the lower image of Figure 5.8, we see hard X-ray emission from 09:47 to 
09:51:20 UT exist in four well defined kernels. The three kernels from the prior 
sequence persist through the latter times with the same 70x70 field as discussed for 
the earlier flare burst. The fourth source appears only during this second burst of 
activity and is located along a small patch of negative polarity field in the northwest 
portion of the flaring region. The four sources appear to form significant magnetic 
connections between the respective northern and southern pairs. These connections 
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would lend themselves to less complex loop structures which would be consistent 
with magnetic complexity and free energy being removed from the system during 
the initial intense burst beginning at 09:42 discussed above. As expected from the 
temporal analysis, the strongest and most well-defined sources throughout the X-ray 
activity are the southern kernels. Each of these sources remains extended and well-
defined throughout the flare. In contrast the northern sources both fade earlier in the 
X-ray evolution. 
In Figure 5.9, the southern pair of HXR sources shows a significant progres-
sion in the spatial location of their respective centroids over the lifetime of the flare. 
Both these sources show an initial shift with the western footpoint drifting an ap-
preciable 20 arcsecond northwards over the first 6-7 minutes of the flare activity. In 
contrast, its counterpart shows a less dramatic but notable southward drift of just 
under 10 arcseconds during this initial period. Later in the flare event, these sources 
show a tendency to separate, expanding the spatial extent of the HXR flare emission 
horizontally. This expansion is consistent with footpoint motions resulting from an 
expanding and rising loop as the flare evolves. We see similar evidence of drifting and 
separation in the northern sources. The timing and spatial development of sources 
support the standard picture of each localized region of HXRs being a direct result 
of particle acceleration and energy deposition along loops resulting from an initial 
reconnection within the corona. In order to better clarify where reconnection is most 
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Figure 5.9 the position of the HXR centroid for the four sources at 10 second interval 
from 09:42:00-10:00:00. Earlier times are shown in black/blue, intermediate times are shown 
in red/orange, and the later times are in yellow. Differential rotation and TRACE co-
alignment have been taken into account. 
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likely in this event we again rely on comparison of the HXR spatial distributions with 
the determined locations of QSLs over this western flare region. 
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Figure 5.10 TRACE 1550 A context image with overlaid contours of Huairou vector 
magnetogram data with positive polarity shown in yellow and negative in blue from 06:11 
UT with the orange circles representing regions of high Q within the magnetic field in the 
corona of the flaring region. 
For further exploration of the relationship in this event between the HXR sources 
and the flaring region topology, we again must compare our observations of X-ray to 
the extrapolated coronal field to more accurately describe the flare evolution in the 
context of the governing field. Specifically in this event we find that each of the four 
well-defined sources exist in clear regions of consistent magnetic polarity. Unlike the 
previous event, these magnetic polarity regions are much smaller and less extensively 
connected than the prior event. Within this western flaring region, we find evidence 
of magnetic neutral lines corresponding spatially to visible UV emission shown in the 
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TRACE context image. Around each of these neutral lines, we find regions of high 
squashing factor showing clear signs of a developing QSLs for both sets of emission 
sources, particularly evident between the two southern sources of emission. Direct 
comparison of QSL mappings from Figures 5.7 and 5.10 shows the development of 
strong but spatially limited QSL appearing in the later magnetic data covering an 
area of approximately 30"x 10" centered near [425,300] arcseconds from disk center. 
This QSL corresponds to the likely location of a coronal magnetic loop with footpoints 
corresponding to the enhanced emission kernels seen in this region in hard X-rays. 
The presence of a QSL provides evidence of a structural magnetic connection linking 
the two strong X-ray sources. Demoulin et al. ((1997) describe QSLs as locations 
for energy release and particle acceleration within flares which show chromospheric 
footpoints on either side; therefore, the QSL indicates the energy release and particle 
acceleration site. Energy release and particle acceleration at QSLs arise naturally 
from the QSLs being likely locations of magnetic reconnection in the corona. 
In the case of the northern pair of sources we find evidence in the photospheric 
magnetic data of a smaller neutral line lying between the sources, supporting the 
probable connection between these two sources with the two emission kernels being 
footpoints of a weak X-ray loop in this northern region. From the perspective of 
QSLs, however, there are only a limited number of points in the region near the 
northern source pair with Q > 100, suggesting that, while there are still points of 
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strong discontinuity in this region, they appear sporadic and isolated. This indicates 
that a developing QSL in this region is weaker and less defined than those previously 
detected. It is also plausible that the weaker QSL would correspond to the weaker 
X-ray emission as the buildup and subsequent dissipation of magnetic free energy is 
more prevalent at stronger discontinuities. 
5.4 Conclusions 
In the preceding section, we addressed the evolution of the coronal magnetic field 
field for the complex NO A A active region 10720 through both the evolution of chro-
mospheric hard X-ray emission signatures as an observational diagnostic of magnetic 
field evolution as well as the analysis of force-free coronal field explorations. Specif-
ically in the flares we observed, we find several common traits. In both events, we 
find the hard X-ray emission develops in multiple sources largely in smaller spatially-
confined regions. These groups of sources evolve with new sources emerging in regions 
where magnetic connections are readily available. When the field is extrapolated to 
the corona, we find these areas of hard X-ray emission to generally lie near a defined 
QSL with squashing factor parameter, Q, of greater than 100. 
The individual events evolve differently; however, they both require that a mag-
netic connection exist between the corona and regions of hard X-ray emission. The 
first event contains a series of largely stationary sources developing nearly co-spatially 
with a strong QSL and remain largely stationary with time. The larger event, shows 
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four HXR sources spread over a greater spatial extent and with each of the sources 
showing significant mobility over the course of the event. The four sources of the 
X3.8 event develop as 2 sets of conjugate footpoints, with the southern pair develop-
ing and the stronger pair showing consistent emission throughout the duration of the 
flare. The northern developing pair is weaker in X-ray emission and does not persist 
throughout the event but only appears late in the flare. This indicates that the mag-
netic structure of the flaring region is evolving and and a new magnetic connection 
develops in the later stages. In relation to the QSLs, we find, through comparison 
of Figures 5.7 and 5.10, a developing QSL appearing within the region connecting 
the two southern sources. This QSL seemingly outlines a connection between the 
two sources consistent with the expanding rising loop picture. The northern pair of 
weaker sources, only demonstrating the conjugate emission later in the event, shows 
a weak developing QSL with seemingly sparse regions of Q > 100. 
The observations strongly suggest a link between the hard X-ray sources and the 
presence of a QSL. This provides observational confirmation of these QSLs being 
significant locations for magnetic reconnection in the corona. This connection was 
theoretically expected in part due to the build up of currents and thus magnetic 
energy in the corona near QSLs. HXR emission has also been shown to result from 
the interaction of accelerated particles with the chromosphere following reconnection 
in the corona. Therefore, the results seen here indicate that the hard X-ray emission 
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sources can likely be used as chromospheric emission diagnostics for the magnetic 
structure of the corona. 
Chapter 6 
Relating Solar Magnetic Configurations and Flare 
Activity to Observed SEP Compositional Data 
While the work discussed in earlier chapters focuses on flares and their interac-
tion with the solar environment, these solar transient events also have a clear impact 
on the interplanetary environment and the Earth itself. Therefore, a critical com-
ponent of attaining a complete understanding of solar transients requires knowledge 
of the mechanisms and means the govern how these energetic phenomena interact 
and influence the inner heliospheric environment, within 1 AU. This involves an un-
derstanding of the structure and state of large-scale magnetic environment in which 
the solar transient originates. In this chapter, we concentrate on large flare/CME 
events that result in the production of fast moving ions with energies as high as 100 
MeV/nucleon, as observed by spacecraft near 1 AU, either at the LI Lagrange point 
or in orbit around the Earth. These Solar Energetic Particle events (or SEPs) are 
some of the most dangerous Space Weather hazards to astronauts, satellite and other 
space-based equipment. The focus of our research has been on the investigation of the 
relationships between the pre-event solar conditions and the observed properties of the 
solar energetic particles. The discussion of the role of solar environmental conditions 
in influencing the observed SEP characteristics arises from an initial discussion of two 
2002 SEP events, from 21 April and 24 August respectively, investigated as campaign 
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events at the SHINE 2004 workshop*. Both of the events are associated with intense 
X-class flares occurring on the west limb of the Sun. The flares themselves appear 
very similar when viewed in the EUV with TRACE (depicted in Figure 6.1). Despite 
similar flare strengths and locations, the two events produced widely varying results 
from a particle point of view at 1 AU. As briefly discussed in Section 2.3.2, the 
particle population analysis for these two events, using the instruments aboard ACE, 
have shown significant divergence in the observed abundance ratios of key elements 
in the event particle populations. Given that SEPs, in these large events, are accel-
erated by a shock forming some distance from the Sun, due to the interaction of a 
fast-moving CME and the solar wind (see Chapter 2), and then transported along 
interplanetary magnetic field to 1 AU, directly relating the observed particle proper-
ties to specific conditions within the solar environment has proven to be a daunting 
challenge, though attempts have been made using RHESSI X-ray observations (Lin, 
2005; Krucker et al., 2005). The research in this chapter attempts to determine if 
there are any discriminating features in the solar environment that point to an ex-
planation of the marked differences in particle composition between the 2002 April 
21 and 2002 August 24 events. To this end, we investigate the variations in the so-
lar activity leading up to these flares, and others associated with large gradual SEP 
events, to ascertain the importance of these solar conditions in shaping the pre-event 
*http : //cdav>.g.sfc.nasa.gov/SHINEcarnpaign/20020421/ 
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environment and influencing the resulting particle distributions seen near Earth. 
Figure 6.1 Flare arcades taken from the X-class flares on 21 April 2002 and 24 Aug 2002 
respectively for visual comparison. Data shown is taken from TRACE 195A observations. 
In studies for the 2004 SHINE campaign on these events, our group investigated 
the solar pre-history for each of these events focusing on such as aspects as coronal 
variations, flare and CME productivity and and magnetic field development. The 
active regions associated with the two events showed drastic differences in both coro-
nal magnetic structure, as determined from PFSS extrapolations (see Section 3.3.2, 
and in activity history leading up to the major events, suggesting these variations as 
plausible solar activity contributions to the significantly varied particle populations 
observed (Liu et al. 2004; Alexander et al. , 2004). 
Using this two-event comparison as a starting point, we present in this chapter 
the results of an extended analysis of the role of solar magnetic field connectivity 
and flare productivity on the observed abundance ratios for heavy elements observed 
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by ACE for a large sample of large gradual solar energetic particle events (LSEP). 
The LSEP events we analyze here are initially taken from three event lists, each 
having significant overlap (Desai et al., 2006; Cane et al., 2006; Tylka et al., 2005, 
2006) with the events selected in each case initially on the basis of their high proton 
fiuences observed by GOES. These events, which are believed to be the result of shock 
acceleration, are generally expected to accelerate all available particles in the path 
of the shock; therefore, variations in the observed compositions are indicative of a 
variation in the seed population of particles for any given event. The exact driver 
for these event-to-event variations remains unclear; however, here, we investigate two 
potential contributors from the pre-event solar environment. 
6.1 Event Selection and Available Particle Da ta 
In the three LSEP studies referenced in the previous section, many of the events 
overlap as they were all selected primarily due to their high GOES proton counts; 
however, we consider each event list separately to include the unique events for each 
data set independently. The data tables for the three LSEP studies are included for 
reference in Appendix A. Of the data collected, we pay particular attention to the iron 
and oxygen abundances, specifically their ratio, for each of the three energy ranges 
studied (0.32-045 MeV/nuc, 30-40 MeV/nuc, and 25-80 MeV/nuc). For our solar 
environment study, we limit the events considered to only include those where an 
Fe/O ratio can be determined, and the SEP event can be traced to a specific active 
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region. Fe/O ratios provide the common parameter reported in all three particle 
studies and is often used to discuss heavy element composition in SEP studies. In the 
low-energy study of Desai et al. (2006), a total of 64 LSEP events were studied from 
1997 November to 2005 January, covering a range of associated flare importance from 
C2 to X28. We calculate the active region open field magnetic fluxes for 58 of the 64 
because these 58 events have calculable Fe/O ratios in the 0.32-0.45 MeV/nuc energy 
range. For the Tylka et al. and Cane et al. events, we calculate the open fluxes for 
55, and 87 of the listed events for each study respectively. 
For each of the events where abundance data is available, we then perform localized 
PFSS extrapolations, and determine the field configuration for the event associated 
active region. From this field configuration, we determine the total open field mag-
netic flux for each event based on extrapolations near the time of the flare and CME. 
This provides a quantitative measure of potential access for the particles to interplan-
etary space. Only those flares which can inject particle onto open field can generate 
energetic particle populations high in the corona. The specific details of our magnetic 
analysis will be described in Section 6.2 In addition, using the GOES flare history, 
we determine the flare index for the given active region for the events where both 
particle abundances were available and a specific active region could be determined. 
A full explanation of the flare productivity calculations can be found in Section 6.3. 
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6.2 PFSS Extrapolation and the Determination of Available 
Open Magnetic Flux 
For each of the events studied here, we are able to isolate the active region asso-
ciated with the associated flare and CME responsible for the LSEP event. In order 
to determine the magnetic structure, we then use the pfss.viewer procedure (DeRosa, 
Freeland, and Schrijver, 2004), from the Solarsoft IDL package, based on the PFSS 
model detailed by Schrijver and DeRosa (2003). For each event, we select the mag-
netogram from the nearest available time to the time of the flare. For each day the 
procedure uses four MDI magnetograms at a cadence of every 6 hours (The times 
of the magnetograms used are 00:04, 06:04, 12:04 and 18:04 UT each day.). Due to 
the cadence of the magnetograms and the desire to obtain the pre-event magnetic 
configuration, the closest magnetogram in time preceding the event is selected to de-
fine the photospheric boundary condition for the magnetic field. We select the active 
region using a user-defined region of interest. For our extrapolations, we used 400 
field lines to ensure full magnetic coverage of the active region. Additional tests were 
run using more field lines within the active region; however, no appreciable variation 
in the field configuration occurred with the addition of the extrs lines. Two examples 
of the resulting 3D coronal field are shown in Figures 6.2 and 6.3. 
Figure 6.2 shows the result of the 400-line field extrapolation for AR 9906 associ-
ated with the SEP event of 21 April 2002. The field for AR 9906 show a large central 
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Figure 6.2 An example image of our PFSS extrapolations from 2002 April 21 showing 
large region of open field (pink lines) and closed field loop (white) prior to the 21 April 2002 
event based on the MDI magnetOgram at 00:04 UT. 
Figure 6.3 An image of our PFSS extrapolation results from 2002 August 24 showing 
the completely closed active region AR 10069 associated with the 24 August 2002 event 
based on the MDI magnetogram at 00:04 UT. The closed field loops generally stay confined 
to regions near the surface. 
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region of open field, shown in the figure as a collection of pink field lines extending 
to the source surface boundary at 2.5 solar radii. Around this central region, we find 
a number of smaller scale closed loops shown in white. Many of the closed loops near 
the active region remain tightly confined to the low corona. However, there are a few 
closed loops which connect active region 9906 to other active regions on the solar disk 
and appear to reach significant heights in the corona although they remain below 2.5 
radii and thus remain closed. 
For cases of open field, we calculate the available open field flux. The open field 
provides a pathway for particles to propagate away from the Sun. Any flare particles 
that are injected onto these open field lines will travel at much higher speed than 
the ambient solar wind particles; therefore, access to open field will likely limit the 
contribution of remnant flare particles to the shock-acceleration seed population as 
these particles will have left the corona prior to any shock formation. Within the PFSS 
procedure we use, four maps of data are collected: a map of the field line positions 
and maps of the three field components. To obtain the area for the open field region, 
the map of the field positions gives the location of the open field, designated as 1 or -1 , 
depending on polarity. The open field line locations identified mark the boundaries 
of the open field region, allowing us to use a user-defined polygon region of interest 
to select the full area of the open field. The active region flux is then calculated 
using the area of the selected open field lines and the magnetic field through each 
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area. Because the maps of field line position and field values have been made in 
Carrington Map coordinates, each pixel within the map has an area weighting factor 
to take into account the conversion from rectangular to spherical coordinates in the 
area calculation. The flux calculation for each pixel is given by: 
$ = y ( W * _ g r ° d ) x 1018, Maxwells(Mx) (6.1) 
where Bra<i is the radial field through the area, w is the specific weight for the given 
pixel, and w is the mean of the weighting factors (DeRosa, 2006, private commu-
nication). The fluxes for the individual pixels within the area are then summed to 
produce the total open flux for each region. Within our events, for those showing 
open field, we find open field fluxes of order 1019-1023 Mx. Typical active regions 
have total fluxes of order 1022 1023 Mx (Zhang et al., 2007) with the largest active 
regions have fluxes of order 1025 Mx (Choudhary et al., 2002). 
For a number of our events, however, we find active region with no evidence of any 
open flux. For these regions, magnetic structures largely consist of tightly confined 
loops in the low corona covering the active region (see Figure 6.3). Longer closed 
loops exist connecting the event-associated active region to other neighboring active 
regions, but all of these loops remain near the solar surface. Although these events 
cannot be directly included in the study of the influence of open field on composition 
results, these closed field events provide, a means of qualitative comparison with the 
open field events on the whole. These comparisons will be discussed fully in Section 
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6.4.1. It should be noted that PFSS models are designed to provide a reasonable 
approximation of the large-scale coronal magnetic field without implementing full 
MHD. It cannot reproduce the small-scale magnetic structure during the flare, as 
flares by definition are non-potential. This means we cannot say much about the 
specific mechanisms relating particle production at the Sun to those observed at 1 
AU. We can, however, reasonably approximate the large-scale connectivity, giving a 
reasonable representation of the flux distribution. 
6.3 Quantifying Flare Productivity 
Many SEP events originate in complex active regions responsible for numerous 
flare and CME events over their lifetime on the solar disk. The recent importance 
of remnant flare suprathermals in shaping the population of particles accelerated 
by gradual SEP events (Mason et al., 2004) suggest that active regions which are 
more productive could significantly influence the existence and strength of a flare 
suprathermal component. Initially used to quantify activity for the entire lifetime of 
the active region, the flare index calculation takes into account the peak soft X-ray 
flux from GOES measurements (1-8 A) using the flare classification on a logarithmic 
scale to produce a numeric measurement of activity (Antalova, 1996). This index 
gives significant influence to those active regions which produce large X-class flares. 
We repeat the formula from Chapter 3 here for convenience: 
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A = (100S* + 105M + 1.0SC + 0.1SB)/T (6.2) 
Our study of flare productivity makes two important departures from the original 
flare index calculations. Instead of focusing on the full lifetime of the active region, 
as was done by Abramenko (2005), we focus only on the lifetime up to the time the 
SEP event, as flares occurring days after the event would not plausibly influence the 
particle seed population relevant to the SEP events. In addition, in cases of multiple 
events for a given active region, we include only the flares and CMEs between the 
times of the specific SEP events. This makes the plausible assumption that the SEP 
event clears the flare particle seed population by accelerating them to SEP energies. 
Testing the validity of this index, we find that the highest value in our study is 
attributed to AR 10486, the active region responsible for the intense Halloween 2003 
events involving four very intense X-class flares within the span of seven days. Further 
analysis of our flare productivity results appears in Section 6.4.3. 
6.4 Results and Discussion 
In this section we present our findings and discussion of the influences of solar 
environment conditions on the resulting SEP compositions measured in-situ with 
ACE. Our analysis is discussed in three parts: 
• Noting the existence of both open and closed field events based on the 21 April 
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2002 and 24 August 2002 events, we statistically compare the occurrence fre-
quency with observed SEP composition ratios (Fe/O) to determine character-
istic differences, if any, between the observed particle populations for the two 
categories of events. 
• We then analyze the relationship, for open field events, between open field flux 
and the composition ratio. 
• Finally, we present a study of the SEP composition and the implications of 
active region activity. 
6.4.1 Comparing Open and Closed Field Events 
In the original analysis of Liu et al. (2004) and Alexander et al. (2004), a strik-
ing difference between the 21 April 2002 and 24 August 2002 events was that the 
August event appeared completely closed magnetically, from results using PFSS ex-
trapolations. As one of the clearest differences between the two events, we analyze 
the frequency of occurrence of these closed field events and their implications for par-
ticle populations at the various energies. We include a breakdown of open and closed 
events at each energy range in Table 6.1. 
For the low energy data from ULEIS (Desai et al. 2006),we are able to identify 
active regions associated with 58 events where we also have composition data. Of 
those events we find 40 that show evidence of regions of open field while 18 events 
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Figure 6.4 Open and closed field comparative histograms for each of the three energy 
ranges (0.32-0.45 MeV/nuc, 30-40 MeV/nuc, 25-80 MeV/nuc) 
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Energy (MeV/nuc) 
0.32-0.45 
30-40 
25-80 
# of Events 
58 
55 
87 
Open * 
40 
37 
64 
Closed 
18 
18 
23 
Closed % 
31.0 
32.7 
26.4 
Table 6.1 Table of closed configuration and open configuration occurrences for each 
energy range. Open field events refers to active regions with any discernible open field. 
were completely closed. Figure 6.4 (top) shows the respective distributions of the 
Fe/O composition ratio. For the open field configuration events, hereafter OCEs in 
the low energy range we find a strongly peaked distribution between 0.5-1.0 relative 
to coronal values with 10 of the 40 open field events lying in this range. 28 of 
the 40 constitute the core of the histogram, all having normalized Fe/O from 0-3.5. 
The remaining 12 events form a well defined high enhancement tail extending to 
one event with an measured enhancement of 12.69 times coronal. For the closed field 
configuration events (CCEs), at low energies (shown in blue in the figure), 13 of the 18 
events have composition ratios between 0.5-2.5 times coronal with 5 events of greater 
than 3.5 times coronal acting as a second smaller population. For all events within the 
low-energy ULEIS sample, both open and closed events show average enhancements 
significantly above the coronal average of 0.134 taken from Reames (1999). At low 
energies, the OCEs have a mean enhancement is 3.41 times coronal (median is 2.36 
times coronal) while CCEs have mean enhancements of 2.31 times coronal (median 
is 2.00 times coronal) (see Table 6.2). The open field mean is increased largely due 
to the events in the extended high enhancement tail; however, in this case, it is most 
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important to note that both types of events show mean enhancements above the 
average coronal values for the low energies (0.32-0.45 MeV/nuc). Such enhancements 
were noted in the spectral comparison of the 2002 April 21 and 2002 August 24 events 
shown in Chapter 2 (Figure 2.8). 
Energy (MoV/nue) 
0.32-0.4} 
30-40 
25-80 
Mean Fe/O (Open) 
3.41 
1.90 
1.83 
Mixtion Fe/O (Open) 
2.36 
0.90 
0.98 
Mux Fo/O (Open) 
12.69 
5.78 
8.60 
Mean Fe/O (Closed) 1 Mixtion Fc/O (Closixi) 
2.31 
1.70 
2.61 
2.00 
0.84 
1.62 
Mux FtyO (Closed) 
5.63 
4.64 
6.90 
Table 6.2 Statistical comparison of closed configuration and open configuration related 
SEP composition. 
For the high-energy data from SIS, 30-40 MeV/nuc from Tylka et al. (2005) and 
25-80 MeV/nuc from Cane et al. (2006), we find the majority of events to possess 
open field to some extent. In both distributions, Figure 6.4 (middle and bottom 
panels respectively), we find the OCEs show a strong peak for Fe/O values at coronal 
values or less. For the 25-80 MeV/nuc energy range, we find 33 of the 64 OCEs 
show normalized Fe/O < 1 and 42 of the 64 events < 2 times the coronal average. 
The OCEs for both these high-energy datasets show mean enhancements of 1.90 and 
1.85 respectively. The median values for these energies are 0.90 and 0.98 respectively, 
indicating the distribution is skewed with most events near coronal values, and the 
measured mean is greatly influenced by the high-enhancement tail. The distributions 
and mean values of the compositions for the open field events for both high energy 
data sets show similar results independent of energy. The CCEs, however, have 
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significant variations at the higher energies. For the 30-40 MeV/nucevent, the closed 
field distribution indicates a similar peak to that seen in the open field. However, 
for the highest energy data, a clear peak at low enhancements is not as well defined. 
The closed distribution is influenced by approximately half the closed events having 
Fe/O enhancement greater than twice coronal, resulting in a mean enhancement at 
the highest energy of 2.60 (median enhancement is 1.62 as compared to 0.98 for OCEs 
at 25-80 MeV/nuc) , the highest mean closed field enhancement of the three energy 
ranges discussed. 
The marked increase in the mean elemental enhancements for closed field events 
at the highest energy range is worth noting because increasing enhancements were 
found with the 2002 August 24 event which was shown in the PFSS extrapolations to 
be completely closed. It is plausible that higher energy flare-associated remnant par-
ticles could be contained within the closed structures, which serve as magnetic traps, 
providing a larger component of high energy heavy elements in the seed population for 
shock acceleration. However, the structures often lie low in the corona, and as such 
there remains a significant question as to whether a shock can form and accelerate 
particles at these low coronal heights. A shock forming at these low heights would 
be able to accelerate particles which had been confined within closed loop magnetic 
traps. This would, in turn increase the high-energy, flare-accelerated seed population. 
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Figure 6.5 Scatter plots of normalized Fe/O vs open field magnetic flux for each of the 
three energy ranges (0.32-0.45 Me V/nuc, 30-40 Me V/nuc, 25-80 Me V/nuc). Fe/O ratios 
normalized to accepted coronal value 0.134 (Reames, 1999). 
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6.4.2 Open Field Influence on SEP Composition 
To quantify the effects of open field availability across the energy spectrum for SEP 
events, we calculate the available open flux within the active regions as described in 
Section 6.2 and plot the Fe/O abundance ratio for the respective events to determine 
a relationship, if any, between the heavy element enhancements of large gradual 
SEP events and the existence of open field and more importantly a pathway for 
the high-energy particles to interplanetary space. Figure 6.5 shows the scatter plots 
of composition vs. open field for all three energy ranges. In all three cases, we find 
no statistically significant correlation with the amount of open magnetic flux. At the 
higher energies, the data show a slight trend of decreasing composition with increasing 
open field; however, this decrease is not statistically significant, R=-0.244 for 30-40 
MeV/nuc data. These results suggest that the composition of large gradual SEP event 
is independent of the open magnetic field flux based upon our PFSS extrapolations. 
We will discuss caveats to the magnetic analysis in Section 6.5. 
6.4.3 Flare Productivity Results 
For the high energies, where elemental abundances enhancements are believed to 
be influenced by flare particle populations, the role of increased flare productivity 
must be further explored. To this end, we have determined flare index values for SEP 
events which are linked to a specific active region. The specifics of the flare index 
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Figure 6.6 Scatter plots of log( normalized Fe/O) vs log( flare index) for the two highest 
energies (30-40 MeV/nuc, 25-80 MeV/nuc). The two energy ranges are shows because flare 
accelerated particles are believed to have their strongest contribution at higher energies. 
Fe/O ratios normalized to accepted coronal value 0.134 (Reames, 1999). 
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calculation are given in Section 6.3. We find flare indices covering three orders of 
magnitude with the strongest values (of order 1000) being attributed to AR 10486 
of October-November 2003. The plots in Figure 6.6 show the variation of Fe/O ratio 
vs. the calculated flare index. Each energy range shows a wide scatter with no 
discernible trend in the data signifying any notable relationship. To confirm the lack 
of a relationship in both energies we have included in the plots the best linear fit to 
the data. Both of these fits result in nearly horizontal lines with wide scatter and 
show no clear relationship between the flare productivity and the abundance ratios. 
Thus, at these high energies, the Fe/O abundance ratio is independent of the flare 
activity in the event-associated active region. 
6.5 Conclusions and Future Extensions 
We have presented in this chapter an investigation into the role of the pre-event 
solar environment in shaping the resulting SEP particle distributions seen at 1AU. We 
have investigated both qualitative and quantitative aspects of the magnetic configu-
ration as well as investigated a simplified measure of flare productivity to determine 
any relevance to the existence of heavy element enhancements in the SEPs. For this 
study, we have the following conclusions. 
• At ULEIS energies (0.32-0.45 MeV/nuc), both OCEs and CCEs show significant 
heavy element enhancements with the OCEs have mean enhancements of 3.41 
times coronal (median: 2.36) , although the mean is influenced by a significant 
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high enhancement tail extending to nearly 13 times coronal. Closed field events 
exhibit a mean enhancement of 2.31 times coronal (median: 2.00). The results 
are consistent with the examples of the 2002 April 21 and 2002 August 24 (open 
and closed event respectively) both of which show enhancements above coronal 
values at low energies (see Figure 2.8). 
• At the highest energy range (25-80 MeV/nuc), we find a marked increase in the 
mean enhancement of closed field events to 2.60 times coronal. The increased 
enhancements at high energy for closed field events is consistent with the spec-
tral observations of 2002 August 24 and suggest that other closed field events 
may exhibit similar increasing spectra, though further study of individual closed 
field events is recommended. 
• We find that the heavy elements enhancements of large SEP events vary inde-
pendently of the amount of open field in event where open field is present. We 
find no significant correlation between the available open field flux determined 
from PFSS extrapolations and the variation in Fe/O ratio. 
• We also find that the composition variations are independent of flare activity 
within the associated active region, quantified via a modified flare index calcu-
lation which relies on the soft X-ray (1-8 A) peak flux measured from GOES 
for flares associated with the respective active regions. 
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Our observations and analysis here shows evidence that both OCEs and CCEs 
show high enhancement tails at all energies suggesting that both open and closed 
events can contribute to high enhancement events. At high energies, where the in-
fluence of flare particles is most expected within the SEP events (Cane et al., 2006; 
Tylka et al. 2005), three of the four populations we measure show median Fe/O 
values lower than the coronal average. Only the closed field events at the highest 
energies (25-80 MeV/nuc) exhibit median Fe/O enhancements. This suggests that 
flare-accelerated particles may significantly affect the observed SEP populations for 
these events; however, as we have discussed briefly above, many of the closed loops 
seen in these events occur at low coronal heights. There is significant debate as 
to whether shocks can form at heights low enough to accelerate particles confined in 
these structures. It is important to note that all four high energy populations do show 
high enhancement tails. For the OCEs, it is possible that flare particles could stream 
out to interplanetary space via the open field. If these field lines are well-connected 
to the earth enhancements seen at 1AU would be possible due to a direct flare com-
ponent. Further investigations of these events should concentrate on those events 
with observed enhancements, further analyzing the spectral characteristics and the 
relevance of the flare location. Flare location would clarify the magnetic connection 
between the events and earth. The spectral properties, particularly the influence of 
high-energy particles, could clarify the nature of the shock geometry. Enhancements 
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at high energies within the closed field structures suggest a flare seed population at 
those energies, but the lack of open field appears to keep the particles at the Sun. 
Higher energy particles have been shown to shown to be preferentially accelerated 
by quasi-perpendicular shocks. If so, and if shocks can form low enough these CCEs 
could provide a solar activity signature for SEPs with enhancements that increase 
with energy as discussed by Tylka et al. (2005), in particular the 2002 August 24 
example. 
Further studies relating pre-event solar conditions to SEP event measurements 
should be investigated, however, taking into account modifications to both the flare 
productivity analysis and the magnetic field extrapolations. While the potential field 
is a reasonable approximation for the large-scale corona, it cannot discern small-scale 
features near the flare and relate them specifically to the production of particles 
during the flare; therefore a further investigation of magnetic field configurations 
and their influence on SEP properties should make use of improved magnetic models 
such as linear force-free and non-linear force-free models to take into account current 
distributions in the corona and modify the resulting field. In addition, the flare index 
calculation should be modified to take into account the complete soft X-ray flux rather 
than just the peak measurement used in flare classification. Finally, a future extension 
of this work should further study the complete particle spectra for events with closed 
field configurations to further clarify the significance of the increased enhancements 
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we see at higher energies in these events. These future studies will further clarify the 
nature of the relationship between the solar environment and the results energetic 
particle distributions. 
In addition, future investigations should take into account additional elements 
ratios and properties such as charge states or charge to mass ratio. We use Fe/O 
ratios in this study as it is the common link between the three composition study; 
however, it has been shown (Reames, 1999; Tylka et al., 2005) that this ratio is a 
key diagnostic of the existence of a flare particle component to the seed population. 
Flare-accelerated impulsive flares have Fe/O ratios of order unity as compared to 
the nominal value of 0.134 for coronal abundances (Reames, 1999). Thus, gradual 
SEPs showing enhancements above coronal values suggest significant influence of flare 
particles. 
Chapter 7 
Conclusions and Future Work 
7.1 Summary and Conclusions 
In this thesis, we have investigated the vital roles that the solar magnetic field and 
the acceleration of flare-associated particles play within explosive solar transients. We 
have used observations of emission signatures in the chromosphere to clarify the spa-
tial and temporal relationships between hard X-ray and ultraviolet emission to place 
observational constraints on the nature and location of the energy release and particle 
acceleration within the flare, and to provide insight into the structure of the magnetic 
field and its influence on the flaring process. To obtain an understanding of the de-
velopment of the 3D magnetic field, we have compared the development of structures 
known as QSLs with the evolution of the observed hard X-ray emission within flares. 
Work with QSLs, and the separatrix surfaces with which they are associated, has been 
largely theoretical (Demoulin et al., 1997; Titov et al., 2002) as attempts to under-
stand the 3D coronal field and its importance to flares has progressed. The interaction 
of separatrix surfaces has been theoretically linked to magnetic reconnection and the 
release of free magnetic energy, particularly near a QSL. Our determination of QSLs 
within the flaring regions and the association of their locations with the observed 
chromospheric hard X-rays signatures provides an observable means by which to re-
late and examine the nature of these complex magnetic structures and the physical 
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processes that drive the flare and govern the flare emission. Finally, acknowledging 
the influence that solar transients wield on both the solar and interplanetary environ-
ments, we have clarified the relationship between the pre-event solar conditions and 
the subsequent accelerated particle signatures observed in large gradual SEP events at 
1 AU. The energetic particles seen at Earth, particularly those at high energies, have 
direct and adverse complications for satellites, human spaceflight, and the Earth's 
magnetic environment. In our study, we find a qualitative connection between the 
solar magnetic field structure, at the time of the SEP event-associated flare, and the 
measured abundances of high-energy heavy elements at earth. 
Our multi-faceted analysis of solar flares has shown that the traditional ID single 
loop description of flares, described in Chapter 1, can only account for a portion 
of the observed emission seen in flares and that the entire flaring region, not just 
the localized loop structures, contributes significantly to the complex flare emission 
observed. Specifically: 
e While a component of the temporally correlated UV and HXR emission devel-
ops co-spatially, in a number of events we find correlated emission with clear 
spatial separations which indicate not only the need for additional structural 
complexity in the flaring region, but also suggest the need for a more complex, 
energy-dependent acceleration mechanism to create the observed production of 
UV emission in some locations without discernible HXRs and vice versa. 
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• In addition to indicating the need for a more complex magnetic topology, the 
emission distribution and its evolution over the course of the flare, indicates that 
a complex energy release and time-dependent particle acceleration mechanism 
is required to produce the distributed but localized sources of UV and HXR 
emission (Linton and Longcope, 2006; Aschwanden and Alexander, 2001). 
• We find sources of UV emission which evolve spatially separated from the main 
flare ribbons. These sources show significant time delays with respect to the 
HXRs, contrary to the relationships found in earlier works. For these sources we 
find their emission to be more closely linked with lower energy X-ray emission 
believed to originate from a more thermal origin. Thus, we suggest that the 
overall UV emission in flares must result from a combination of responses to both 
directly injected non-thermal electrons, associated with HXRs, and a thermal 
response either from the bulk energization of thermal particles or other thermal 
processes (e.g. conduction fronts, bulk chromospheric heating). 
• In relation to 3D magnetic topology, we find strong observational evidence of a 
connection between the hard X-ray emission sources in the chromosphere and 
the location of QSLs determined within the magnetic field. Due to the theo-
retical link between QSLs and magnetic reconnection, QSLs are likely sources 
of energy release and particle acceleration resulting in the hard X-ray emission. 
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The findings here confirm that relationship and relates it to the spatial and 
temporal development of the active region as a whole. 
In our studies relating the pre-event solar conditions to SEP composition mea-
surements we examined both the magnetic structure and the flare productivity for 
the event-associated active regions and found: 
• At high energies, those events occurring in active regions with entirely closed 
field configurations show, on average, significantly enhanced Fe/O ratios relative 
to the nominal coronal values. Such enhancements are believed the result of an 
increased contribution of a flare-accelerated population. However, these closed 
field structures lie low in the corona so there remains a significant question as to 
whether shocks can form low enough to accelerate the confined flare-accelerated 
particles. 
• In contrast to the marked differences in composition ratios at high energies be-
tween completely closed field events and open field events, The heavy element 
composition seems to vary independently with respect to the amount of open 
field flux. The enhancements in closed field cases suggest that the particles 
confined to the solar corona play a significant role in shaping the enhancements 
observed; however, the observations raise the question of how these energetic 
particles end up in the vicinity of the CME-driven shock to be further acceler-
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ated to SEP energies. 
• Finally, the composition also varies independently of flare productivity as deter-
mined by the calculation of the flare index for each active region. The apparent 
independence of SEP composition with flare productivity calls into question the 
influence of a flare-accelerated seed particle population and how these flare-like 
particles reach and interact with the shock. 
The findings presented here provide a number of additional future work opportu-
nities. Many of these future studies will be able to take advantage of several recently 
launched missions including STEREO and Hinode. We briefly address some of these 
future directions in the next section. 
7.2 Future Work 
7.2.1 Future Observational Constraints on Magnetic Topology and En-
ergy Release 
In the work presented here, we have shown the importance of the 3D topology of 
the magnetic field in the flaring process. Future studies of this kind be able to use 3D 
image reconstructions from STEREO EUVI to observe coronal magnetic structures in 
EUV wavelengths due to emission from the entrained plasma. These observations will 
provide a 3D representation of coronal structure and will serve as a key observational 
constraint on magnetic field modelling of the corona. Future studies could build 
upon our work by comparing the temporal evolution and spatial development of 
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chromospheric emission, like HXRs, with the observed coronal structures seen during 
the flare. Such a study would provide clarification of the role of the magnetic topology 
in the flare. In addition, further insight would be gained with respect to the energy 
release and dissipation in the flaring region by determining the topology and energy 
transport mechanisms in areas of the flare region beyond the observable X-ray loops 
and post-flare arcades. 
An additional study is currently underway to focus solely on the UV contin-
uum emission. In our findings, we note the UV emission occurs in multiple physical 
processes or perhaps via the acceleration of multiple particle populations. A further 
study focused on the UV will determine the nature of the UV production mechanism, 
which is presently unclear, and further constrain the relationships between UV emis-
sion, flare energy release, and particle acceleration. Building on our findings of UV 
sources which are temporally related to lower energy X-ray emission, further events 
studied with UV and X-ray emission will provide further insight into the nature of the 
late developing UV emission sources which we have associated with thermal emission 
due to temporal association with lower energy X-rays. Such studies will be enhanced 
by the availability of new X-ray data from the XRT telescope aboard the Hinode 
spacecraft (Kosugi et al., 2007; Golub et al., 2007). 
Further observational connections between QSLs and flare emission can be deter-
mined through the comparison of determined QSL positions with STEREO observa-
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tions of coronal structures seen within flares. The STEREO observations will provide 
corroboration of visible magnetic structures within the corona. Determinations of 
QSLs from magnetic extrapolations should correspond in theory to these observed 
structures. Also further X-ray and EUV observations, in combination with QSL de-
terminations with provide further insight into the relationship of QSLs in the corona 
to the energy release to flare emission seen in all observed wavelengths. 
7.2.2 Future Advancements Relating SEP observations to Pre-Event So-
lar Conditions 
Further investigations of the solar magnetic field configuration and its influence on 
SEP properties should make use of improved magnetic models such as linear force-
free and non-linear force-free models to take into account current distributions in 
the corona which will modify the resulting field. These adaptations will improve 
on our results by including non-potentiality in the field extrapolations permitting 
a closer representation of the field near the flaring region. In addition, subsequent 
studies should also consider making use of available full MHD models within the solar 
community which when used in combination can establish the connection between 
smaller scale magnetic fields of the flaring region and the larger scale magnetic fields 
in the corona and provide a stronger physical background for use in relating the solar 
and interplanetary observation. Such models can be implemented via the Community 
Coordinated Modelling Center (CCMC) and through direct collaboration with the 
219 
MHD modelers. 
In addition, the flare index calculation should be modified to take into account the 
complete soft X-ray flux rather than just the peak measurement used in flare classi-
fication. Finally, future extensions of this work should address the complete particle 
spectra at high energies for events with closed field configurations. These spectral 
studies will provide the opportunity for additional observational evidence of higher 
energy particles remaining confined within the low-lying closed loops, strengthening 
the significance of these closed field configurations with respect to the increased en-
hancements seen in these events. Thase studies and further investigations of the 
potential for shock-acceleration low in the corona will determine if and how the 
high-energy flare-accelerated particles can be shock-accelerated from low-lying closed 
loops. Additional studies should also take into account additional properties of the 
observed SEP composition (e.g. charge states, different elemental ratios such as Fe/C 
or 3He/4He, or mass to charge ratios). Higher charge states and enhanced 3He/4He 
ratios are signatures of flare-associated impulsive events (Tylka, 2004); therefore, in-
cluding these observations will provide additional observational corroboration of flare 
particle influence in SEP events with enhancements. Desai et al. (2006) have shown 
that heavy element enhancements increase with mass/charge (M/Q) ratio; M/Q ratio 
would serve as a additional observational characteristic of the SEP properties at 1 
AU which could be compared to the observed solar conditions. 
Appendix A 
A. l Part icle Composition Data for Discussion SEP Studies 
This appendix provides the data tables from the SEP composition studies dis-
cussed in Chapter 6. The table of low-energy composition data from ULEIS, taken 
from Desai et al., (2006), are shown in Figure A.l. Data for the SIS data from 30-40 
MeV/nuc, including Fe/O ratio and event timing data from studies by Tylka et al. 
(2005, 2006) are included in Figure A.2. Finally, the data from SIS observations at 
25-80 MeV/nuc from Cane et al. (2006) are included in Figures A.3 and A.4. 
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Figure A . l Low energy composition data (0.32-0.45 MeV/mic) taken from Table 2 of 
Desai et al. (2006) 
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Figure A .3 Table of composition ratios and event information for SIS observations 
(25-80 MeV/nuc) from Table 1 of Cane et al. (2006). 
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(25-80 MeV/nuc) continued from Table 1 of Cane et al. (2006). 
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